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I. INTRODUCTION 
A. Nature of the Positron 
The existence of positively charged electrons (positrons) 
was predicted in 1930 by P. A. M. Dirac (1). The first 
experimental evidence for positrons was found in cloud 
chamber photographs of cosmic ray showers by Anderson (2, 3) 
in 1932. Dirac also predicted that each positron would com­
bine with an electron with the disappearance of each as 
matter and with the emergence of gamma rays having total 
energy 
E = 2mc^ + T+ + T_ (1) 
2 
where mc is the rest mass energy of the electron or positron 
and T is kinetic energy. Thibaud (4) and Joliot (5,6) inde­
pendently observed this annihilation process in 1933. The 
positron has the same mass and spin (intrinsic angular 
momentum) as the electron and an electrical charge of equal 
magnitude but opposite sign. Wu and Shaknov (7) established 
that electrons and positrons have opposite parity, which 
seems to be a general rule for all particles and corresponding 
antiparticles. 
Since a positron-electron pair annihilates with the 
emission of electromagnetic radiation, it is reasonable to 
expect that a positron-electron pair might be created from 
2 
electromagnetic radiation. This has been experimentally 
observed in cloud chamber photographs (8). Since only one 
photon is involved (usually) in this "pair production" it 
must take place within the electromagnetic field of a 
massive object, such as a nucleus, in order that momentum 
be conserved. The energy of the photon must exceed the 
2 total rest mass energy of the positron-electron pair, 2mc . 
The pair production process is not well suited to the study 
of the behavior of positrons in matter because there is no 
signal correlated with the creation of the positron that can 
be used to mark the time of creation. Also, since the cross 
section for pair production increases as the square of the 
atomic number Z, only for high Z elements will large numbers 
of positrons be formed. Still another problem arises because 
the cross section increases with photon energy (hence with 
positron energy) and energetic positrons may escape from the 
material being studied without first annihilating. 
Positrons are also created in the decay of low Z, neutron 
deficient radioactive nuclei. In this process, a proton is 
converted into a neutron and a positron (which is ejected 
from the nucleus along with a neutrino) to form a more stable 
nucleus. The nucleus created by the B"*" decay may be left in 
an excited state from which it will de-excite with emission 
of a gamma ray. Such gamma rays provide information as to 
the time of creation of the positrons. Typically the emitted 
3 
positron has less than 2 MeV of kinetic energy which 
corresponds to a range in metals of less than one milli­
meter. For higher Z nuclei the electron orbits are smaller, 
allowing the electrons to spend more time near the nucleus. 
Such nuclei may de-excite through the process of electron 
capture rather than positron emission. Also the potential 
barrier against positron emission is higher for nuclei with 
larger Z values. This enhances the ratio of electron capture 
events to 6"^ decay events and for very high Z, only electron 
capture is observed. Nearly all experiments involving 
positrons use 6"^ decay from low Z nuclei as sources of the 
positrons. 
The mean rate with which positrons and electrons anni­
hilate is directly proportional (9) to the overlap integral 
[^^e+),^(e-)]. Only when the angular momentum of the posi­
tron, relative to the electron, is zero is the value of the 
overlap integral sufficiently large to be of interest. 
This corresponds to the scattering state denoted by S. The 
two possible S states are the singlet state (the intrinsic 
spins of the two particles in opposite directions) and the 
triplet state (spins aligned). In the singlet state the 
total angular momentum (J = L + 2) is zero and in the triplet 
state J = 1. Electromagnetic quanta also have the total 
angular momentum quantum number J = 1. Because angular 
momentum must be conserved in the annihilation process, the 
4 
states annihilate only with emission of an even number of 
3 photons and the S states emit an odd number of photons. 
1 Single quantum annihilations from the S state are possible 
in the presence of an external electromagnetic field, but 
such events are rare, except in the presence of very high Z 
elements (10). Jauch and Rohrlich (11) have calculated the 
ratio of the probability of two quanta emission to that of 
four (or more) quanta events from singlet states and the ratio 
of three quanta annihilation probability to that of five (or 
more) quanta from triplet state annihilations. They report 
4 this ratio (same for both states) to be 1.88xio . Consequent­
ly only two and three photon processes are of interest. 
The ratio of two photon to three photon annihilation 
rates for positrons interacting with a large number of free 
electrons with randomly aligned spins was found by Ore and 
Powell (12) to be 
1115 . 
^3Y 
( 2 )  
There are three substates in the state and only one in 
the ^S state, so three times as many triplet states should 
be formed as singlet states. The number of two photon 
events should then be larger than the number of three 
photon events in a given time interval by the ratio 
(3) 
5 
for positron-electron annihilations with statistically dis­
tributed spins. 
A positron has the same charge as a proton and therefore 
conceivably could form a bound state with an electron 
analagous to the hydrogen atom. Ruark (13) suggested the 
name "positronium" for such a state and Green and Lee (14) 
recommended the chemical symbol Ps for this system. 
Mohorovicic (15) suggested that positronium formation could 
account for the spectra of some nebulae; however, such 
spectra have not been found. The only experimental evidence 
for the existence of positronium has come from observations of 
positrons annihilating in gases. If positronium is formed, 
the electron-positron systems that are formed in the state 
will be bound in that state until they annihilate or collide 
with other particles. In the case of low pressure gases, 
the systems formed in the state will remain in that state 
until annihilation occurs. The rate of three photon events 
to the rate of two photon events will then be 3:1 instead of 
1:372 as for unbound systems. This has been observed by 
Deutsch (16). In a later experiment, Deutsch and Dulit (17) 
demonstrated the quenching of the three photon rate by an 
external magnetic field. This reduction in the triplet state 
annihilations was explained by calculating the amount of mixing 
1 3 
of the S and states by the magnetic field. This experi­
ment has been confirmed by others (18, 19, 20) and is 
generally acknowledged to be the most convincing evidence for 
the existence of positronium. Other bound states, such as 
eTe+e" (Ps~) and e-e^e"e+ (PSg) are energetically possible 
(21, 22) but no evidence for their existence has been 
reported. 
B. Annihilations in Metals 
Upon entering a metal a positron is slowed to thermal 
energies by collisions with conduction electrons in about 
-12 3x10 seconds (23). The positron then either annihilates 
-10 
with an electron in about 10 seconds or else forms some 
sort of bound state with the system of electrons before 
annihilating. In the center of mass reference frame of the 
annihilating pair the gamma rays produced in the two photon 
process must have equal energies and opposite directions of 
propagation in order that both energy and linear momentum be 
conserved. The energy of each photon must be that of the rest 
mass energy of the positron or electron (0.511 MeV). Since 
the thermalized positron has essentially zero momentum com­
pared to that of the average electron in the Fermi sea, the 
momentum of the center of mass sytem is very nearly that of 
the electron. The component of the center of mass momentum 
parallel to the direction of propagation of the gamma rays 
will cause a Doppler shift from 0.511 MeV of the gamma ray 
energies as observed in the laboratory. The component of the 
7 
center of mass momentum that is perpendicular to the direction 
of the gamma ray paths will cause the observed photon propa­
gation directions to be shifted from 180° (see Figure 1). 
Four quantities may be measured to obtain information 
about the quantum states of the annihilating electrons: the 
mean annihilation rate; the angular correlation of the photons 
from two quanta events; the ratio of the mean annihilation 
rates for two and three photon processes; and the Doppler 
broadening of the 0.511 MeV annihilation line. 
Dumond et observed the expected Doppler broadening 
of the annihilation line using a bent crystal spectrometer 
(24). Recent observations of this phenomenon have been made 
by Brimhall and Page (25) using solid state (Ge-Li) detectors. 
In neither case was the resolving power of the apparatus 
sufficient to yield information about the electron states. 
As the resolution of solid state detection systems is improved 
perhaps this technique will compete with angular correlation 
measurements as a method for investigating electron momenta. 
The ratio of annihilation rates of two and three photon 
events is a difficult measurement to perform and few results 
are reported in the literature for positrons annihilating in 
metals. Basson (26) has reported the ratio 398 + 40 in 
aluminum. The value 372 for systems of unbound electrons and 
positrons is well within the experimental error reported. 
This provides evidence that positrons in aluminum annihilate 
Figure 1. The two photon annihilation process as observed 
in the laboratory frame of reference. P is 
the linear momentum of the center of mass. 
The energies of the two photons are hv and hv' 
^ SOO dO-gOUl -,/iq 
<^S00 d^ + gOUJ ~ "M 
</> N IS ^  ~e 
Q  
m 
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only in unbound states because the ratio of two to three 
gamma rates from annihilations in positronium should be 
smaller than this ratio by a factor of 1,115, as discussed 
earlier. 
Measurements of the angular deviation from 180° of the 
propagation directions of the photon pairs in the singlet 
state annihilations (see Figure 1) are referred to as angular 
correlation experiments. A photon pair at angle 9 from 180° 
must originate from an electron-positron pair with momentum 
component k^. The number of such pairs in a free electron 
gas (spherical Fermi surface) is proportional to the area 
of a slice through the Fermi sphere at k^. Thus the rate at 
which photons are emitted between 6 and 6+d0 is 
^ = (constant) x (k^^ - k^^) . 
By considerations of the conservation laws for energy and 
momentum, the angle 6 can be related to the component of 
the electron momentum by 
Thus a plot of the differential counting rate ^  at angle 
0 versus the angle 0 will produce a parabolic curve. The 
data collected in angular correlation experiments upon simple 
metals (i.e., those metals whose electronic structure may be 
1 
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described by the free electron gas model, such as the alkali 
metals) clearly show a parabolic distribution superimposed 
upon a broader distribution that is attributed to annihila­
tions with core electrons (27) . The width of the parabola 
is directly determined by the free electron density. This 
evidence indicates that the annihilation process in most 
metals should be described by the Sommerfeld model of a free 
electron gas, and the angular correlation data is described 
accurately by calculations based upon this model. 
Angular correlation measurements have provided far more 
useful information about the electronic structure of metals 
than have other types of positron annihilation experiments. 
Only a few of the more notable results will be mentioned here. 
Such experiments result in a clear and direct picture of the 
Fermi distribution of conduction electrons in the alkali 
metals (direct confirmation of factors previously deduced 
from other methods). Gustafson and Mackintosh (28) estab­
lished the valences of gadolinium and cerium to be three and 
the valence of yerbium to be two by examining angular corre­
lation data of these elements. The valence of aluminum was 
found to be three and that of lead set at four by angular 
correlation experiments and independently by de Haas van 
Alphen studies (29) . The first direct experimental data on 
the Fermi surface of lithium was the angular correlation data 
accumulated by Donaghy (30) . The prediction by Lee-Whiting 
12 
that positrons thermalize previous to annihilating was veri­
fied experimentally by Stewart and Shand (31) in an angular 
correlation experiment on sodium. 
The data collected in angular correlation experiments on 
most metals is accurately described by calculations based 
on the Sommerfeld model of a metal as a free electron gas. 
This theory predicts the mean lifetimes of positrons 
annihilating in metals to be 
T = (2.20*10 ^®)A/p seconds (5) 
where A is the atomic weight of the metallic atoms and p 
is the density of the metal in gmxcm ^ units. This gives 
a means for determining the density of the electron gas 
directly from measurements of positron lifetimes. The very 
first measurements (see next section) of positron lifetimes 
in metals showed this formula to be incorrect by an order 
of magnitude for most metals. Several theories taking into 
account the distortion of the electron distribution by the 
presence of positrons have been put forth and will be dis­
cussed in some detail later. At this point it is sufficient 
to state that no existing theory yields values sufficiently 
near the experimental data to allow interpretation of these 
data in terms of electron densities. 
Rodda and Stewart (32) have interpreted their data on 
positron lifetimes in the rare earth metals to show that the 
13 
valences of europium and ytterbium are two, taking the val­
ences of the remainder of the rare earth metals to be estab­
lished as three. This result seems to be the only instance 
in the literature in which any information about the elec­
tronic states in metals has been derived from lifetime 
measurements. The importance of this type experiment appears, 
at present, to be revealing the shortcomings of theoretical 
models thus far produced, and in stimulating efforts toward 
discovery of new models which will more accurately describe 
the behavior of electrons in metals. A search of the litera­
ture reveals that large discrepancies exist in the values of 
mean lifetimes reported by independent observers; rarely do 
two measurements agree to within the estimated errors of each. 
Tables of values of mean positron lifetimes in metals are to 
be found in references (14, 33, 34). 
The results of some recent experiments, which will be 
discussed in the next chapter, indicate that the method by 
which the positrons are introduced into the metal signifi­
cantly influences the annihilation process. Positrons pro­
duced by a source exterior to the metal appear to annihilate 
near the surface of the metal with higher frequency than pre­
dicted by measurements of the penetration depths of positrons. 
None of the theoretical calculations of annihilation rates 
takes into account surface effects. In order to obtain life­
time values which can be used to check the various theoreti-
14 
cal models, experimental data should be collected under cir­
cumstances that minimize surface interactions. The purpose 
of this experiment is to measure the annihilation rates of 
positrons deeply imbedded within metals. This can be 
accomplished by creating radioactive nuclei with suitable de-
excitation properties (positron emission followed by gamma 
emission) throughout the volume of the metal. The required 
radioactive nuclei may be created by irradiation of the stable 
nuclei forming the metallic crystal with high energy photons 
from the 70 MeV electron synchrotron. 
15 
II. REVIEW OF LIFETIME MEASUREMENTS IN METALS 
A. Historical 
The first positron mean lifetime values to be reported in 
the literature were measured by De Benedetti and Richungs 
(35) and Bell and Graham (36). These measurements indicated 
that all metals have annihilation rates in the range 
X = (4.00 + 0.67) X 10^ sec'l. (6) 
The constancy of this value for all metals contrasted with 
the predictions of the free electron gas model. In 1956 
Gerholm (37) observed in aluminum a second annihilation 
process with mean lifetime of roughly one nanosecond and 
intensity of a few percent. This second component appears 
as a "tail" on the data and is commonly referred to as the 
"tail" or "second component" in the literature. The second 
component of the annihilation rate in aluminum was confirmed 
by Bell and JjzJrgensen (38) . These experimenters also 
reported the discovery of tails in the data collected with 
alkali metals. The reported second components had lifetimes 
of roughly 5x10 seconds and intensities from about 5 to 
10 per cent. These results were later confirmed by Longe-
queque (39) . 
Madansky searched for a difference between the lifetimes 
of positrons in molten and in solid gallium, but observed 
16 
none (40) . However, McGervey (41) measured the different 
values T = 1.65 x 10 seconds in liquid mercury and 
-10 T = 1.38 X 10 in solid mercury. 
Ferguson and Lewis (42) found the lifetimes in magnetized 
and unraagnetized iron to be the same to within 3 x lo 
seconds. Berko (43) later pointed out that such measure­
ments should give information about the spin densities of 
electrons in different bands, but the difference would be 
too small to appear with the resolution attained by Ferguson 
and Lewis. 
Millett (44) and Stump and Talley (45) reported a con­
siderably longer lifetime of positrons in superconducting 
lead than in normal lead. However, a careful search by 
other investigators (46, 47) at a later date did not reveal 
any change in the mean lifetime as lead passed through the 
critical temperature. Stump and Talley found no change in 
positron annihilation rates when tin changed from normal to 
superconducting. 
MacKenzie et a]^. (48) have measured the variation of 
positron lifetimes in five metals with changing temperature. 
They found the mean lifetime to increase smoothly with in­
creasing temperature in a qualitatively similar manner for 
the metals radium,cadmium, aluminum, and zinc. The mean 
lifetime also increased as the temperature was raised in 
copper but along a dissimilar curve. No hysteresis effect 
17 
was found, which was interpreted as meaning that dislocations 
in the metals were of little importance in the temperature 
dependence. Plots of annihilation rate versus temperature 
for cadmium, radium, and zinc were observed to have much 
the same shape as curves showing the effect of temperature 
upon tail intensity (percentage of core electrons involved 
in the annihilation process) in angular correlation experi­
ments (49). MacKenzie and co-workers assumed that lattice 
vacancy densities are involved in determining the annihila­
tion rates of positrons and concluded their report with the 
warning "if the lifetime measurements are to be used as a 
check on theory, they should be carried out on annealed 
samples at temperatures such that vacancy density is negli­
gible. " 
Much data has been reported in the literature of posi­
trons annihilating in various metallic alloys, alkali halides, 
and semiconductors. A review of many such measurements may 
be found in reference (50). 
B, The Second Component of Annihilation 
The discovery of a second mode of annihilation in metals 
prompted a theoretical and experimental search for the mech­
anism responsible for the tail component. Bell and Graham 
(36) postulated positronium formation inside the metal 
to account for both the tail and the constancy of the 
18 
annihilation rate in metals. However, angular correlation 
measurements on the same elements produced no evidence for 
annihilations from zero momentum states, which should describe 
positronium diffusing slowly through the metal. The ratio of 
the annihilation rate of the two photon process to that of 
the three photon process in aluminum indicated that all 
annihilations were occurring in unbound states (26). 
Held and Kahana (51) used a variational technique to show 
that no bound or quasi-bound states can exist in metals with 
free electron radius r^ > 8.5, which corresponds to metals 
having lower electron densities than does cesium. 
Bell and Graham (36) also observed a temperature de­
pendence of the tail component in some metals. This lends 
support to an order-disorder effect as the mechanism which 
produces the tail. The different lifetimes for liquid and 
solid mercury could possibly be explained by this effect. 
Kugel et al. (52) used as samples metals of very high 
purity which were deoxidized, degreased, and polished. 
22 Instead of depositing the Na positron source (dissolved in 
22 0.5 N HCl) directly upon the surface of the sample, the Na 
was inclosed in 0.5 mil thick gold foil. This was to reduce 
the chemical reaction between the surface of the metal and 
the sodium and/or the acid. The tail components were reduced 
by factors ranging from about two to nearly five in various 
metals as compared to results obtained by other measurements. 
19 
Kohonen (53) attempted to create intrinsic positron sources 
22 in metals by either sintering or fusing the Na positron 
source into the metal. This method of sample preparation 
produced results in accord with those of Kugel. 
Two other experimenters, Rodda (54) and McGervey (41) 
also noted effects of sample preparation. McGervey reported 
a tail in measurements of lifetimes in mercury that vanished 
22 
when the Na source contained in an aluminum foil was 
22 
replaced with an amalgamated Na source. Rodda observed 
the single decay mode in sodium tungsten bronze to change when 
Na^^ in water was replaced by Na^^ in 0.5 N HCl. It is not 
clear whether or not a short second component of lifetime was 
hidden in the main component. 
Weisberg and Berko (34) confirmed the results of Kugel 
and of Kohonen using similar sample preparation methods. 
Also, a foil of magnesium was irradiated with protons to 
25 22 induce the nuclear reaction Mg (p,a)Na , thus creating 
22 positron sources (Na nuclei) in the interior of the mag­
nesium. This foil was then surrounded by magnesium metal in 
which the positrons annihilated. The tail in this sample was 
essentially eliminated. It should be pointed out, however, 
that this sample preparation technique still has the source 
of positrons outside the surface of the bulk metal in which 
the annihilations are to occur. The uniqueness of this method 
appears to be in the elimination of a boundary connecting two 
20 
different substances through which the positrons must pass. 
Souder (33) produced positron sources imbedded in the 
bulk of nickel samples by inducing the nuclear reaction 
Ni^^(y,n)Ni^^ with the gamma ray beam of an electron synchro­
tron. The tail was considerably reduced using this method 
22 instead of using a Na source; however, some evidence of a 
tail component persisted. This is probably due to the fact 
57 that some of the Ni nuclei are produced near the surface. 
57 The experiments with Ni positron sources produced an 
unexpectedly short positron lifetime. Furthermore, the 
analysis of the data for a single crystal of nickel with 
57 Ni sources yielded completely different values by using the 
centroid shift method than by the logarithmic slope or third 
moment methods (these techniques are discussed later). These 
anomalous effects provided incentive to obtain equipment 
capable of resolving shorter time intervals and to develop 
new analysis techniques to investigate in more depth the 
mean lifetimes of positrons produced by deeply imbedded 
sources. 
C. Theoretical 
Angular correlation measurements of the gamma rays 
produced by annihilating positron-electron pairs in metals 
provide evidence that by far the largest percentage of anni­
hilations involve conduction electrons. This allows the use 
21 
of a container of N free electrons as a model (of the metal) 
upon which to base calculations describing positrons 
annihilating in the metal. The rate with which positrons 
annihilate in this sea of electrons should be related to 
the electron density, which is usually expressed in terms 
of the radius r^ of the sphere containing the same volume as 
that occupied by each electron. This radius may be defined 
as a dimensionless number by 
volume/electron = ^  = ^^(a^r^)^ (7) 
where a^ is the Bohr radius, 0.529x10 ^ cm. In a free 
electron gas the number of states occupied by the free 
electrons may be expressed (53) in terms of the Fermi momentum 
kp and Fermi energy Ep by 
1  =  ^  (8 ,  
JTT 
and ^ ~ 
= -25^ -
where V is the volume containing N conduction electrons. 
This may be solved to express r^ as a function of the Fermi 
energy 
r = 2:-^  . (10) 
Calculations of annihilation rates based upon the 
annihilations of stationary positrons with free electrons 
22 
has in general yielded values in good agreement with angular 
correlation data and in poor agreement with lifetime data. 
The annihilation rates predicted by a model in which each 
positron samples an electron density that is the average 
electron density in the metal should be lower than rates 
based upon the actual electron density at the position 
of each positron. The coulomb attraction between oppositely 
charged particles should cause an increase in electron 
density around each positron. 
Ferrell (55) made the first calculation including such 
an enhancement of electrons about the positrons. He pointed 
out that the long range force associated with a pure coulomb 
potential would cause slower electrons to annihilate at 
higher rates than faster electrons. Angular correlation 
measurements show that such preferential annihilation of slow 
electrons does not exist, at least not of the order predicted 
by Ferrell. Therefore, Ferrell used a screened coulomb 
potential in which each positron was surrounded by a cloud 
of electrons which effectively reduced the magnitude of the 
positron charge in regions outside the space charge. This 
space charge should be more nearly constant than the free 
electron density from metal to metal, thus giving more nearly 
constant annihilation rates in agreement with experimental 
values. 
Ferrell*s first calculation was a variational approach 
23 
to find a wave function with which to describe the system. 
The trial wave function contained a factor to increase the 
electron density around each positron. This factor was 
assumed valid only in the high density region, rg<2. In this 
region, Ferrell derived the expression 
- 2  
T = 83.3[r^ ^ + 0.659 r^ x 10~^^ sec. (11) 
To extend theoretical predictions for x to lower values of 
r^, the assumption was made that the negative positronium ion, 
Ps , forms in the low density limit. The reason for choosing 
Ps~ formation instead of Ps formation is that the binding 
energy of the ion is about 0.2 eV lower than that of the 
atom. The attractive energy between a positron and electron 
in this variational approximation drops below the binding 
energy of Ps" at r^ = 5.5. Hylleraas (21) had previously 
calculated the mean lifetime of Ps~ to be 327 picoseconds 
and Ferrell assumed annihilations for r > 5.5 to have this 
s — 
mean lifetime. Values for the annihilation rate in the 
region 2 < r^ < 5.5 are derived from an extrapolation of the 
curve. 
The annihilation rates given in this calculation are 
lower than the experimentally obtained values (see Figure 2). 
Also, the variational approach can account for only the 
gross features of the system and does not include, for 
example, any information from which to compute the variation 
Figure 2. A plot of some values of X ,  calculated from 
various models, versus r^ 
25 
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of annihilation rate as a function of electron moments, i.e., 
angular correlation data. 
Bohm and Pines (56) developed a canonical transformation 
by which the strong collective action of the long range 
coulomb force may be eliminated, leaving the short range 
interaction between electron and positron pairs. Ferrell 
used this transformation and treated the short range force 
as a perturbation upon the electron density. He then was 
able to calculate for the lifetime 
T = 83.3 [1 + r ^^  X 10"12 sec. (12) 
This approach yields values farther from those taken 
experimentally than did the variational method. 
Kahana (57) showed that the short range part of the 
coulomb force is too strong to be treated as a perturbation. 
Kahana then used the same screened coulomb potential as did 
Ferrell, but used the Bethe-Goldstone (58) wave equation. If 
the coulomb force is replaced by a screened coulomb force 
in the Schrodinger equation for the annihilating pair, and 
then the Pauli exclusion principle taken into account, the 
resulting equation will essentially be the Bethe-Goldstone 
equation. Kahana solved for the wave function in terms of a 
Green's function and then found the annihilation rates for 
three values of r^. These are shown in Figure 2 and are 
considerably higher than are experimentally determined points. 
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In a later paper, Kahana (59) modified his previous 
calculation using second quantization techniques. Instead 
of using the screened coulombic force given by Bohm and 
Pines, Kahana now approximated this force by solving for 
the Green's function in the high electron density limit. 
The annihilation rate calculated from this model gave a very 
good fit to data of both angular correlation and lifetime 
measurements. Kahana noted in his paper that nowhere in the 
calculation was there an indication of a second component 
of annihilation. 
Bergersen (60) has criticized Kahana's paper on the 
grounds that the charge displaced by the positron is not 
unity (in units such that the charge on an electron is one), 
as calculated by Kahana's techniques. Carbotte and Kahana 
(61) agreed that this was a shortcoming and that a consistent 
theory must give a displaced charge of unity about the posi­
tron. However, they did not agree that this invalidated the 
annihilation rate calculations and showed that an expansion 
of Kahana's second calculation gave unit charge displacement 
and essentially the same annihilation rates. In this work 
the electron enhancement was calculated from considering the 
polarization of the background electron gas by the annihi­
lating pair. Also, values of momenta above the Fermi momentum 
were included by Carbotte and Kahana. 
Terrell et al. (62) pointed out that the annihilation 
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rates predicted by all theories previous to 1965 were in 
reality the partial annihilation rates; i.e., the annihila­
tion rates of positrons annihilating only with conduction 
electrons. Recent angular correlation measurements on some 
metals (e.g., nickel) have demonstrated that a large fraction 
of annihilations are with core electrons, contrary to earlier 
findings (63). The total annihilation rate will be the sum 
of that for annihilations with valence electrons and the 
rate for annihilations with core electrons 
X = Xv + Xc • (13) 
Any complete description of the electronic behavior 
of a solid must include the effects of a periodic lattice 
potential. Models of solids which include lattice effects, 
for example, differentiate between insulators, conductors, 
and semiconductors; the free electron model does not. None 
of the models described above has included the periodic 
potential of the lattice. Carbotte (64) attempted to compute 
the total annihilation rate by including lattice effects in a 
model. The technique is similar to that of Kahana (59), 
but uses the Bloch characteristics of the wave function and a 
tight binding approximation for the core contribution. It 
was found that polarization of the ion cores by the positrons 
contributed significantly to the wave function. Carbotte and 
Salvadori (65) extended this work using single orthoganalized 
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plane waves for conduction band electrons and the tight 
binding approximation for core electrons. They found the 
9 total annihilation rate for positrons in sodium to be 3x10 
per second. No numerical value was given for aluminum, 
although it was stated that the calculated result was about 
25 per cent too large. They noted that all theoretical calcu­
lations based upon the Bethe-Goldstone equation seemed best 
for large values of r^fr^ > 5) and failed at high values 
(r^ < 2) of electron density. Also noted was the need for 
more experimental data near r^ = 2. 
Arponen and Jauho (68) have expanded Kahana's work using 
a Fermi-Thomas exponentially screened coulomb potential. 
Several curves for X versus r^ were calculated by taking into 
account different sets of Feynmann graphs for the positron-
electron interaction. The values for X were consistently 
lower than those given by previously discussed calculations 
except for large values of electron density, where the ladder 
sums used in this approximation can be shown to diverge. 
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III. SAMPLE PREPARATION 
Experiments in which the mean lifetimes of positrons 
are to be measured require signals marking the times of crea­
tion and annihilation of each positron. In the most widely 
used technique, positrons are obtained from the 3"^ decays 
22 
of Na nuclei (see Figure 3), which produce daughter nuclei 
in excited states. Each daughter nucleus then decays to its 
ground state with emission of a gamma ray which signals the 
creation of a positron. The excited state of the daughter 
nucleus should, for convenience, have a half life much shorter 
than the positron mean lifetime being measured. This ensures 
that the de-excitation gamma ray accurately marks the time 
of creation of the positron. The 0.511 MeV photons resulting 
from a two quanta annihilation process provide the signals 
marking the time of annihilation. 
Two types of samples were prepared for each metal to be 
examined (except sodium). In one type of sample the positron 
sources were produced in the interior of the metal so that 
the majority of positrons would annihilate in the bulk of 
the sample. The annihilation process in this type of sample 
should be described by wave functions that do not include 
boundary conditions or scattering due to surface impurities, 
such as oxides. The other type of sample was prepared in the 
conventional manner by depositing a positron source on the 
Figure 3. Shown here are simplified nuclear decay schemes 
for the isotopes Na^Z and Sc^^. The detailed 
nuclear decay schemes for these isotopes appear 
in later figures 
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surface of a metal. A significant fraction of the positrons 
produced in this manner may annihilate near the surface of 
the sample. Measurement of the positron mean lifetimes in 
each type of sample in the same series of experiments removes 
possible ambiguities that could be introduced by instru­
mental and analytical differences that exist between separate 
laboratories. In this way a direct comparison may be obtained 
between the annihilation rates measured with internally 
produced positrons and those obtained with external sources. 
All the metals used in this experiment were obtained from 
the metals development group of the Ames Laboratory of the 
U.S. Atomic Energy Commission. When available, single 
crystals were used. Otherwise, samples were selected to 
maximize the size of individual crystals.in each sample, 
other parameters being equal. With the exception of the al­
kali metals, all samples were cut to the desired size and 
shape on a spark cutter, and were then deoxidized, etched, and 
polished. The alkali metals were handled in an atmosphere 
of dry argon gas. Table 1 lists some of the pertinent 
properties for each sample. 
A. Intrinsic Positron Sources 
In this experiment gamma rays produced by the Iowa State 
University electron synchrotron were used to prepare positron 
sources inside metallic samples. Consider the metal 
Table 1. Sample descriptions 
Isotopes 
Metal Purity Nature of Atomic Weight Abundancy Crystal 
(%) the Crystal Structure 
Nickel 99.99 Single 58 67.8 
Crystal 60 26.2 fee 
61 1.2 
62 3.7 
Scandium 99.9 Single hex below 1335°C 
Crystal 45 100. bcc above 1335°C 
Zinc 99.999 Single 64 48.87 
, Crystal 66 27.62 hex 
67 4.12 
68 18.71 
Molybdenum 99.9 Polycrystalline 92 15.05 
94 9.35 bcc 
95 1.58 
96 16.56 
97 9.60 
98 24.60 
100 9.68 
Silver 99.999 Single 107 51.35 
Crystal 109 48.65 fee 
Potassium >99 . Polycrystalline 39 93.1 bee 
41 6.9 
Sodium >99. Polycrystalline 23 100. hex below 1.2°k 
bcc above 1.2°k 
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scandium as an example. The isotope Sc comprises 100 
per cent of the naturally occurring metal. Irradiation of 
scandium by the bremmstrahlung gamma rays of the synchrotron 
induce the photonuclear reaction Sc^^(y,n)Sc^^. The neutron 
44 , deficient isotope Sc is unstable and undergoes 3 decay, as 
presented in the nuclear decay scheme of Figure 3. The 
44 daughter isotope, Ca , is formed in an isomeric state which 
de-excites with the emission of a gamma ray. The half lives 
of such excited states were obtained from the literature 
when possible. For most of the metals the decay rate of the 
isomeric state was sufficiently large that the positron and 
de-excitation gamma ray could be considered as simultaneous. 
A new technique was developed to handle cases of more slowly 
decaying states. This technique is described in the data 
analysis section. 
The mean range of the high energy gamma rays in metals 
is orders of magnitude larger than the path length of the 
radiation through the metal 1 cm) . Therefore the photo­
nuclear reactions may be considered to be homogeneously 
distributed along the beam path. The method used to irra­
diate the sample is illustrated in Figure 4. The beam sweeps 
into the end of the sample to a maximum depth of roughly 
seven mm (67). The spread of the beam (perpendicular to 
the plane of the drawing) is about one mm. The flux of 
gamma rays is nearly constant throughout that portion of the 
Figure 4. A sketch showing the location of the sample 
during irradiation in the synchrotron 
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sample lying in the beam path. Using this information and 
assuming that the positron emissions are isotropic and that 
the mean range of the positrons before annihilating is 0.2 
mm , the percentage of positrons annihilating near the 
surface can be calculated and is roughly one per cent. 
Lifetime measurements of positrons produced intrin­
sically in this manner can be performed only on certain 
metals. The requirements are that the metal must produce, 
by a photonuclear reaction, nuclei that emit positrons and 
gamma rays that define the time of creation of positrons. 
The Chart of the Nuclides (68) contains several metals that 
are acceptable. These include nickel, scandium, potassium, 
zinc, silver, molybdenum, cobalt, sodium, and rubidium. 
The half lives of the radioactive isotopes of cobalt, sodium, 
and rubidium are sufficiently long that irradiation in the 
synchrotron for time periods of severalJweeks (or more) would 
be required to produce acceptable levels of positron creation 
rates. The half lives of the isotopes of the other metals 
listed range from a few seconds to 37 hours, and irradiation 
times of the same order of magnitude as the half lives 
produced positron sources of sufficient intensity for the 
experiment to be performed. 
The irradiation process may also produce isotopes other 
than the particular isotopes of interest. To ensure that 
the measured lifetimes were those of the positrons instead 
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of the lifetimes of other phenomena, such as lifetimes of 
excited nuclear levels, a gamma ray spectrum was obtained 
for each element using a lithium drifted germanium detector. 
These spectra and the decay schemes of the isotopes used 
as positron sources are displayed in Figures 5 through 11. 
A technique was developed for measuring the mean life­
times of positrons produced intrinsically in a sample of 
22 
sodium. The isotope Na was obtained commercially instead 
of producing it by irradiation. Two separate sodium samples 
were prepared. In the first, the water carrier was replaced 
22 by ethanol in the Na . The ethanol was then deposited in 
a small hole punched into a cylinder of sodium and the 
alcohol was evaporated. The sodium was melted to seal the 
22 hole and to diffuse the Na into the surrounding natural 
isotope. The sample was returned slowly to room temperature 
and sealed to make it airtight. The other sodium sample 
22 
was prepared by evaporating the water carrier from the Na 
inside a stainless steel container and then filling the 
container with liquid sodium. A stainless steel spatula 
22 
was used to stir the molten metal and to scrape the Na 
from the floor of the container. The sodium was allowed to 
stand overnight in the liquid state and then a small layer 
of less dense oxide was removed from the top surface. The 
container was cooled slowly and sealed. 
Figure 5. The decay scheme and.gamma ray spectrum of Na^^ 
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57 Figure 6. The decay scheme for Ni and the gamma ray 
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Figure 11. The decay scheme for Ag^^® and the gamma ray 
spectrum for an irradiated sample of Ag 
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B. External Positron Sources 
22 Na is commonly dissolved in 0.5 N HCl solution and 
deposited directly upon the surface of the metal. This may 
22 
react chemically with the surface and Na in a water carrier 
was used to prevent such a reaction. (For the alkali metals, 
the water carrier was replaced by ethanol). Surface reaction 
was further reduced by inclosing the sodium in a 0.5 mil 
22 thick gold foil. The gold foil and Na assembly will be 
referred to as the "source" in the remainder of this section. 
Two slabs of metal, each with at least one flat sur­
face, were used to make each sample. The flat surfaces were 
deoxidized and polished. The source was then placed upon 
the center of one prepared surface and was covered by the 
flat surface of the other slab, making a sample commonly 
referred to as a "sandwich sample." The sample was then 
tightly wrapped with tape to minimize the air gap between 
the flat surfaces. The sample was isolated from air by 
sealing it in paraffin. 
55 
IV. RADIATION DAMAGE 
Theoretical calculations of positron lifetimes in metals 
either ignore lattice contributions completely or assume a 
perfect lattice. Experimental data used to check theoretical 
calculations should be collected from crystals with a minimum 
of imperfections. The single crystals irradiated in the 
electron synchrotron to produce imbedded positron sources 
are subject to crystalline damage by the radiation beam. In 
this section an attempt will be made to calculate the maximum 
amount of damage that could be caused. 
As shown in Figure 4, high energy electrons from the 
synchrotron were focused onto a thick stainless steel cylinder 
which contained the sample to be irradiated within it. 
Small angle scattering of electrons in the stainless steel 
probe produced a high intensity flux of bremsstrahlung 
radiation which passed through thé sample. Many of the 
electrons penetrated the wall of the cylinder and passed 
through the sample so the radiation to which the sample 
was exposed consisted of a mixture of high energy (up to 60 
MeV) photons and electrons. The number of electrons accele­
rated in the machine was roughly 6x10^^ second. Secondary 
electrons were also ejected from the probe and it was esti­
mated that approximately 10^^ electrons were incident upon the 
sample each second. It is assumed here that the same number 
of gamma rays as electrons struck the sample and that the 
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energies of all rays were the same, 30 MeV. The beam was 
approximately one square millimeter in cross section at 
the position of the sample. The electron or gamma ray 
flux was then 
(p = 10^^ sec ^mm ^ (14) 
in the beam path. 
In the following sections dealing with damage caused by 
electrons and gamma rays, the following assumptions will be 
made: (1) 25 eV of energy is required to displace an atom 
from its lattice site, (2) the atomic number of the atoms 
in the sample is roughly 50, and (3) no heavy ions will 
enter the metal. 
There are two distinct classes of damage caused by 
radiation, the highly localized point defects and the 
extended dislocations. The two defects which are created 
when an atom is displaced from a lattice site to an inter­
stitial site are called a "Frenkel pair." The defects are 
the interstitial atom and the associated "hole" on a lattice 
site. An atom displaced from its lattice site by the radiation 
beam through transfer of energy greater than the threshold 
energy E^=25 eV is called a "primary knock-on." If this atom 
(it is probably more nearly correct to say ion) receives 
sufficient energy from the radiation beam, it will interact 
with other atoms in the crystal, causing secondary displace­
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ments. Dislocations may be produced by very energetic 
primary knock-ons which produce large numbers of neighboring 
point defects. 
A. Electron Damage 
The relativistic electrons from the synchrotron have 
sufficient energy to penetrate the cloud of electrons sur­
rounding a nucleus and interact with the nucleus. If 
energy T > is transferred to an atom a Frenkel pair will 
be created. The maximum amount of energy that can be 
transferred from an electron of energy E* to an atom of 
mass M is 
T = 2(E* + 2mc ) g* ^ (15) 
Mc 
Chadderton (69) has shown that in nearly all cases the 
maximum energy transferred to the primary knock-on is only 
slightly larger than the threshold energy, so nearly all 
the radiation damage by electrons is in the form of isolated 
Frenkel pairs. Chadderton gives the cross section for dis­
placement of an atom by a beam of electrons with energy E* 
0.(E*) = -  1] (16) 
 ^ (6Y) 
with 3 and y the usual relativistic terms. This equation is 
an extrapolation to the high energy limit, E* >> E^. Use 
the approximations 
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E* = 30 MeV (17) 
Z - A/2 = 25 (18) 
2 2 B = 1 - (19) 
 ^ = (my/E.)4 = (§^ y$Z)4 . (20) 
-13 The value —j the classical electron radius, 2.82x10 
mc 
cm. Thus the value for is 
— 9Q 9 0^(30 MeV) = 10 cm . (21) 
22 3 There are about 10 atoms per cm in the sample and the 
-2 3 
radiation path is roughly one mmxone mmxone cm or 10 cm , 
20 
so the beam samples 10 atoms. The flux was estimated at 
11 2 13 -1 -2 10 electrons per second per mm or 10 sec cm 
Thus the probable number of dislocations for the maximum 
9 irradiation time of 36 hours is about 10 due to the electron 
beam. This is roughly one dislocation per 10^^ atoms in 
the estimated region of irradiation. 
B. Gamma Ray Damage 
Gamma rays lose energy in a metal mainly by the photo­
electric effect, compton scattering, pair production, and 
the photonuclear effect. The first three mechanisms each 
convert a portion of the energy carried by the gamma ray into 
energy of electrons. Assume that every gamma ray transfers 
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all its energy to an electron and that the gamma ray flux 
is the same as the electron flux, 10^^ sec ^cm Then the 
same estimations given in Section A yield a value of roughly 
one atom in 10^^ atoms in the beam path dislocated by this 
mechanism. 
Consider now the photonuclear effect. The photo-
nuclear reaction (y,n) is used to create the positron sources, 
and the activity attained is about 100 yC. Assume roughly 
50 per cent of the atoms in the sample to be the isotope 
that yields positron sources by (y^n) reactions. Further 
assume that the reactions (y,p), iy,n), and [(Y,2n), (Y,2p), 
or (y,pn), etc.] occur with equal probability. Then one in 
six nuclear reactions results in formation of a positron 
source. The total number of positron sources is 
N = [ dt I(t) (22) 
Jo 
where I(t) = I(o)e and I^^lOOpC. Then 
N = (lOOxlo'G curies) x (3.7)xl0^° secxcSie^ I "(23) 
Using the typical value ^  - 3000 sec gives the number of 
positron sources created as N = 10^^ and the total number of 
nuclear reactions as M = 6*10^^. 
Each atom that undergoes a photonuclear transformation 
gives off a nucléon (or nucléons) with energy E* £ 20 MeV. 
Assume that each excited nucleus ejects a 20 MeV nucléon. 
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The relativistic equations of motion can be solved and the 
nucleus found to have around 150 KeV of kinetic energy. 
The mean number of displaced atoms produced by an atom of 
kinetic energy E is (69) 
2E.] 
d d 
= 4.5 defects/primary knock-on . (24) 
This yields the total number of defects 
M X v(E) = 3x10^^ Frenkel pairs. (25) 
This is roughly 3x10 ^ of all atoms in the beam, or roughly 
O 
three dislocations in 10 atoms. 
C. Conclusion 
The total fraction of point defects expected from the 
radiation beam is the sum 
-11 -11 -Q -Q 10 + 10 + 3x10 = 3x10 . (26) 
This should be orders of magnitude higher than the actual 
percentage created because: (1) approximations were always 
in such a direction as to maximize the final value, (2) 
all particles were assumed to have the maximum possible 
energy, (3) all experimental evidence indicates that the 
formulae developed to determine the amount of radiation damage 
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yield values considerably higher than actually occurs, and 
(4) no self annealing is taken into account in the calcu­
lation. The interstitial atom of the Frenkel pair is 
readily moved through the crystalline lattice by 0.5 eV 
energy and is attracted towards the hole with which it may 
annihilate. 
An experimental check was made to determine whether 
any large anomalies in positron annihilation rates were 
arising from defect production. A nickel single crystal 
was irradiated and then heated to within 50"C of its melting 
point and held at this temperature for 8 hours. The nickel 
was then annealed to room temperature and the positron mean 
lifetime measured. No difference was observed between the 
lifetime in this sample and in samples which were not heated. 
The fact that the value of the positron mean lifetime ob­
tained from the first irradiation of a nickel crystal did not 
differ significantly from the value obtained from the same 
crystal after several irradiations provides further evi- " 
dence that radiation damage is insignificant in this 
experiment. 
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V. APPARATUS 
A block diagram of the experimental equipment is pre­
sented in Figure 12. The fast triggers and the pulsed light 
sources are unique to this system and will be discussed 
later. The electronic logic modules, such as discriminators, 
gate generators, coincidence circuits, etc., are commercially 
available. Modules used in this experiment were obtained 
from Edgerton, Germeschausen, and Grier, Inc. Intermodular 
connections were made using 50 ohm A-MP crimp-on BNC 
connectors. A 400 channel RIDL model 34-12B multichannel 
analyzer was used to accumulate the information obtained from 
large numbers (1,000 to 50,000) of events. These data were 
retrieved from the analyzer on punched paper tape and then 
transferred to punched computer cards. The analog-to-
digital converter (ADC) in the 400 channel analyzer used 
in this experiment has the capacity for digitizing information 
into 1,000 channels. This ADC was altered to suppress the 
first 100 channels; that is, the information that would 
previously be digitized for channels numbered 101 to 500 
would, after the alteration, be stored in channels 1 to 400. 
The conversion from analog signals to digital information 
is a more linear process in this region of the ADC than in 
the region normally used. This suppression also permits 
digital stabilization of the threshold level of the analyzer 
Figure 12. A block diagram of the apparatus. The modules labelled 
SCA are single channel analyzers (or window discrim­
inators) and MCA signifies multichannel analyzer. 
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at higher sensitivity (sensitivity is the number of channels 
corresponding to a given length of time). 
The gamma rays marking the times of creation and anni­
hilation of a positron were detected with Naton 136 plastic 
scintillators mounted on RCA 8575 photomultiplier (PM) 
tubes. The PM tubes were operated at -3,000 volts cathode 
potential, which was supplied by a Keithley high voltage 
power supply. To minimize the differences in transit times 
between the cathode and first dynode of photoelectrons 
created at varying distances from the center of the photo-
cathode, scintillators of small (one cm) diameter were 
centrally mounted upon the faces of the PM tubes. The 
detectors were secured to the laboratory table in order to 
reduce errors due to their positioning relative to the sample. 
Differences in the time required for pulses of unequal 
amplitude and finite risetime to reach a given discrimina­
tion level were decreased with the development of the fast • 
trigger circuit, a complete discussion of which may be found 
in the literature (70). For optimal operation of this cir­
cuit, pulse amplitudes in excess of two volts and pulse 
durations of less than five nanoseconds are necessary. The 
detectors used produce pulse spectra with maximum amplitudes 
of eight volts into 50 ohm loads and durations of up to seven 
nanoseconds for detection of gamma rays with 1.33 MeV of 
energy. Pulse duration was limited to four nanoseconds by 
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the connection of a two nanosecond shorted clipping stub 
to the output terminal of each detector. The pulse ampli­
tude was preserved by utilizing 100 ohm cables for the 
parallel circuit of the clipping stub and the signal trans­
mission line (recall that for parallel impedances, 
Z ^ ^ 50 * 
Gain drifts, or output time drifts, of any part of the 
data acquisition system would appear as movement of the 
position of a data point introduced into the analyzer memory. 
Such drifts would cause broadening of the experimental reso­
lution. Simultaneous electronic pulses may be introduced 
into the system and a digital stabilizer employed to com­
pensate for any drifts occurring between the points of 
signal injection and the memory of the multichannel analyzer. 
This method, however, cannot correct for transit time drifts 
in the PM tubes. In this system light emitting diodes were 
used to couple simultaneous signals into the PM tubes so that 
they are included in the stabilization system. A complete 
report on the pulsed light system has been reported by 
Griffin and Souder (71). 
Calibration of the apparatus was accomplished by in­
serting ten cm lengths of air core delay line into the trans­
mission line of the fast stop pulse- The pulsed light sources 
were used to produce prompt spectra for various lengths of 
inserted delay. The centroid of each of the spectra was 
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computed and the position of the centroids plotted versus 
the inserted amount of delay. A typical time calibration 
curve is shown in Figure 13. 
The resolving power of the system was measured by using 
simultaneous events to start and stop the timing mechanism. 
The isotope Co^^ converts to Ni^^ by 3" decay and the excited 
Ni^^ nucleus makes the transition to its ground state by a 
cascade process whereby a 1.17 MeV gamma ray is emitted 
followed by a 1.33 MeV gamma ray with mean elapsed time 
-12 between the photons of 3x10 seconds. These photons are 
more energetic than those used to signal creation and anni­
hilation of a positron (typically 1.28 MeV and 0.511 MeV 
respectively). More photons will be produced when a high 
energy gamma ray is scattered through a given angle in a 
plastic scintillator than when a lower energy gamma ray is 
scattered through the same angle; thus, a source of more 
energetic gamma rays will produce an electrical pulse 
spectrum with larger maximum amplitude at the anode of a 
detector than will a source of less energetic gamma rays. 
Larger pulses define time more accurately in the "electronic 
clock" than do smaller pulses. Therefore to get an accurate 
measure of the resolving power of the apparatus used to 
collect data, the compton distribution of pulse amplitudes 
was passed through window discriminators and only those pulses 
were accepted which corresponded to pulse amplitudes seen in 
Figure 13. A typical time calibration curve 
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the actual experiment. 
It was necessary to add a time delay to the start 
channel of the timing mechanism to obtain a linear time scale. 
This inserted delay permits the recording of negative time 
intervals. To facilitate data analysis, such events caused 
by annihilation signals starting the clock and creation 
signals stopping the clock should be prohibited. If the 
annihilation and creation gamma rays differ appreciably in 
energy, it is possible to selectively filter out the smaller 
signals by means of single channel analyzers. This can 
uniquely define the direction of increasing time in the 
data. 
With the window discriminator in the start channel 
set to accept the upper 30 per cent of the 1.33 MeV gamma 
ray spectrum and the window discriminator in the stop channel 
set to accept the top 15 per cent of the 0.511 MeV spectrum, 
the curve in Figure 14 was obtained. The full width of the 
curve at one-half its maximum height is 214 picoseconds. 
Another measure of performance is that of steepness of the 
sides of the curve; these values are included in the graph. 
Figure 14. A resolution curve. This prompt curve was 
collected by using a Co^O source 
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—' VI. DATA PROCESSING 
Suppose that at some instant of time a number 1(0) of 
positrons are present in a metal. It is reasonable to 
assume that the rate with which these positrons annihilate 
is independent of time. If the number of annihilation events 
occurring in an infinitesimal time interval is proportional 
to the number of positrons in the metal at that time, then 
the number of positrons in the metal at a time t is given 
by 
I(t) = 1(0) e'^t (27) 
where X is the annihilation rate. The condition under 
which positron mean lifetimes are measured is analagous to 
this situation if the electronic timing mechanism is 
started at zero each time a positron is created. The 
probability distribution for annihilation events between 
times t and t + dt with time starting at zero each time a 
positron is created may be represented by T(t). The 
mathematical expression for T(t) is then 
T(t) = XU(t)e"^t (28) 
where U(t) is the unit step function and is defined by 
/ 0 t<0 
U(t) = > 0.5 t=0 . (29) 
( 1 t>0 
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The coefficient X normalizes the distribution to unit area. 
A logarithmic plot of such a distribution is shown in Figure 
15(a). The location of data in the multichannel analyzer 
is given by x. Data for simultaneous events will not be 
located at x = 0 but at x = L where L is the delay time of the 
signals used to stop the "clock" relative to the start 
signals. Because of this delay, events may be recorded in 
which the stop signal preceeds the start signal by a period 
of time less than L. This is equivalent to saying that nega­
tive time intervals can be observed. "Negative time" 
intervals can and do arise from statistical fluctuations 
in the arrival time of closely spaced start and stop sig­
nals, or from events in which the start signal is delayed 
anomalously by some mechanism. 
The data collected in an experiment will be distorted 
from the true function T(t) by the limitations of the timing 
mechanism in resolving short time intervals. Consider a 
process which produces a large number of pairs of simul­
taneous events. When the apparatus is used to measure the 
distribution function of the elapsed time between coincident 
events, data similar to that sketched in Figure 15(b) will 
be obtained. This resolution curve, or "prompt" curve, 
will be designated by P(t). If the equipment were capable 
of resolving arbitrarily small time intervals, the plot of 
Figure 15 (b) would reduce to a point directly above time 
Figure 15 (a). The distribution T(t) 
Figure 15 (b). a prompt curve 
Figure 15 (c). a graphical representation of the 
"smearing" of the distribution T(t) 
by the instrumental resolution function 
Figure 15 (d). The data accumulated in an experiment 
measuring T(t) with apparatus having 
resolving power represented by P(t) 
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t = 0. The assumption will be made that the centroid of 
the prompt curve obtained with imperfect equipment falls on 
time zero. 
A measurement of a series of events in time represented 
by some distribution function T(t) using equipment with 
resolving capability represented by P(t) will produce data 
of the form 
D(x) = [ dt P(x-t)T(t) . (30) 
J —00 
This is the mathematical formulation that expresses the 
"smearing" of each point on the distribution curve by the 
resolution curve P (t). This is depicted graphically in 
Figure 15{c> for the case where T(t) is a simple exponential 
decay. The data curve shown in Figure 15(d) would be ob­
tained by solving equation 30 for all values of x in the 
range of interest. A simple algebraic substitution in the 
integral allows D(x) to be expressed in an alternative form 
D(x) = [ dt P(t)T(x-t) . (31) 
J —00 
The distribution T(t) may take forms other than the 
single exponential decay function discussed above. All other 
functions will be referred to as "complex" cases. One such 
complex case arises when some of the gamma rays marking the 
creation times of the positrons are produced by decay of a 
nuclear level having a half life which is not negligible 
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relative to the positron mean lifetime. Such a distribution 
is depicted in the plots of Figure 16. The mathematical 
expression for such a distribution function is 
T(t) =X(l-n)U(t)e"^  ^+ nn[U(t)e"^  ^+ U(-t)e°'^ ] (32) 
denoting the decay constant of the nuclear level by a, 
while the fraction of positrons dependent upon this level 
for creation signals is denoted by n. The coefficient n 
is a normalization constant. This distribution function also 
describes the case when the creation and annihilation sig­
nals have nearly the same energies and elimination of events 
recorded backwards in time is impossible. The fraction n 
is one in such cases and a is replaced by X. 
The "tail" observed in some metals, and discussed 
earlier in the review section, is another example of a com­
plex distribution function. If the intensities of the 
components are and A2 with annihilation rates and Xg, 
then the distribution function has the form 
-X.t -X_t 
T(t) = U(t)[A^ e  ^ + A^ e ]. (33) 
A. Single Exponential Decay 
The data accumulated in an experiment to measure an 
ensemble of events described by a single annihilation 
constant has the form 
Figure 16 (a), a T distribution for an annihilation process 
Figure 16 (b). A T distribution for an annihilation process 
with delayed start signals 
Figure 16 (c). The sum of the upper representations 
Figure 16 (d>. The distribution T(t) after smearing by P(t) 
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D(x) = X dt  ^ (34) 
Here Equation 28 and Equation 30 have been combined to yield 
Equation 34. 
1. Logarithmic slope method 
Consider the differentiation of this expression with 
respect to the time variable x, 
= -X[X|^  dt P(t)e"^ (*"t)] + X[P(t)e"^ (*"t)]^ ^^  (35) 
or 
55^ = -XD(x) + XP(x) . (36) 
The data curve is more conveniently expressed in logarithmic 
form, so the above equation is divided by D(x) to give 
This gives the annihilation rate as a function of the logarith­
mic slope of the data in the region in which P(x) << D(x). 
Such a region will exist only in measurements of lifetimes 
that are long with respect to the logarithmic slope (see 
Figure 14) of the resolution curve. The domain x^  ^  x ^  x^  
is used for computation of the logarithmic slope where 
' '38) 
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and 2 for all x. The slope is found by doing a 
least squares fit of the straight line 
y = a_ + a,x (40) 
o 1 
to the data where y^  = InD(x^ ). Then X = -a^  is found by 
solving the simultaneous equations 
b b 
Z y. = a (b-a+1) + a, Z x. (41) 
i=a 1 o 1  ^
and 
b b b 2 
I x.y. = a Z X .  + a. Z x. . (42) 
i=a 1 1 ° i=a ^   ^i=a ^  
This technique was developed by Newton (72) in 1950. 
2. Moment analysis 
When the lifetime does not extend sufficiently beyond 
the resolution curve to permit use of the logarithmic slope 
method for analysis, other techniques must be employed. 
One such technique involves moments of the annihilation data 
and of the prompt data. The n^  ^moment of a function f(y) 
is defined as 
f °° 
M^ (f) = J dy y^ f(y). (43) 
Bay (73) showed that the first moments of the annihilation 
and prompt data could be used to compute the value of the 
annihilation rate. Using n =1 in Equation 43 and the value 
for D(x) given in Equation 34, the first moment of the data 
may be expressed as 
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M^ (D) = X dx xe -Xx dt P(t)e Xt ( 4 4 )  
The moment is calculated about the point x = 0, which is 
defined as the centroid of the prompt curve. An assumption 
that will be used throughout the remainder of this chapter 
is that the prompt curve is symmetric about its centroid; 
i.e., that P(t) = P(-t). The steps involved in the solution 
for M^ (D) are to be found in Appendix A, and the result is 
Mi(D) = , ( 4 5 )  
where A is the area of the prompt curve, A = M^ (P). The 
mean lifetime is equal to the inverse of the annihilation 
rate, or 
T = 
Mj^ (D) 
( 4 6 )  
The second moment of D(x) with respect to the centroid 
of the resolution curve is written 
M2(D) = X 
J —0 
dx x^ e ""I dt P(t)e Xt ( 4 7 )  
The details of solving this equation are presented in 
Appendix B. The resulting solution for T, also worked out 
by Sparrman and PaIk (74), is 
1 
• t  
M2(D)-M2(P) 
2A ]'• ( 4 8 )  
In a similar manner the third moment of the data curve 
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(D) = X f dx x^ e 
J —00 
X xt 
dt P(t)e (49) 3 
is evaluated in Appendix C, giving as a result 
MgCD) = A + Y (50) 
The value for MgfP) may be found from Equation 48 and com­
bined with Equation 50 to give the value 
M, (D) 
 ^sïÇTDT • 
Weaver and Bell (75) have pointed out that the lifetime 
may also be obtained from the data curve without reference 
to time zero. In this analysis, the third moment of the 
data curve is calculated with respect to its own centroid 
NgCD) = 
M,(D) ^  
dx[x  ^] D(x) . (52) 
As M^ (D) is a constant for a given curve, it may be factored 
out of the integral and no new integrals remain for evalua­
tion. This gives 
N_(D) = ^  (53) 
or 
N,(D) i 
T = [-|j—. (54) 
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3. Convolution method 
This technique for finding X compares the data D^ (X) 
collected experimentally to a vector D^ (X') calculated from 
an approximation to Equation 34. The parameter X' is varied 
in such a manner that the values of the elements in the D' 
array approach the corresponding values in the D array. 
The value of X' providing the best fit to the data is an 
approximation to the annihilation rate, X. This method was 
reported in 1966 without the conveniency of matrix formalism, 
by Bostrom et (76) and Olsen and Bostrom (77) . 
If a and b are large, on the order of nanoseconds, for 
example, the Equation 34 can be written 
D (x) = dt P(x,t)T(t) . (55) 
-a 
It is desirable to express this in terms of matrices, as 
the annihilation and prompt data are collected in array 
form. The region [-a,b] may be divided into n intervals of 
equal length, denoting the intervals as follows 
-a = Xq<Xj <^X2<. . .<x^  = b. (56) 
The matrix form of the expression for D may then be expressed 
(78) 
n 
D(x.) = E R(x. ,x.)T(x. ) , (57) 
1 j=l 1 ] ] 
or more simply, as 
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n 
(58) 
which is the matrix equation 
D = R*T. (59) 
The R matrix is related to the resolution function for the 
experiment. The only unique matrix in Equation 59 is the 
D matrix. If a non-singular value is chosen for R, then T 
will be specified uniquely; e.g.. 
Consider the data collected in an experiment to deter­
mine the resolving capabilities of the equipment. For most 
experiments designed to measure lifetimes, data such as 
that exhibited in Figure 14 will be obtained. It is assumed 
that all information regarding the resolution function lies 
in the region between x^  and x^ , and that the values 
or P(x^ ), outside this region are due to spurious events, 
or background counts. The R matrix will be constructed 
from the elements P., M<i<N, of the resolution vector. 
The convention used to construct the R matrix in this 
report was to choose a triangular matrix with all elements 
below the diagonal Rj^  set equal to zero. The first row was 
chosen to be 
T = R~^ *D (60) 
j <N-M+1 
(61) 
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and the remainder of the matrix specified by 
*i,i " *i-i,i-i ' 
This matrix now appears as 
N^-1 
CM 1 • •  0 0 . .. 0 
0 r—
1 
1 • M^+1 0 . .. 0 
R = 0 0 
• M^+2 ^ M+1 . 0 
0  0  0  . . .  0  0  0  . . .  
This matrix is non-singular, so it should be possible to 
solve for the vector T by finding the inverse of this matrix, 
and thus find the exact value of the annihilation rate X. 
In practice, the high degree of symmetry in R and the 
statistical fluctuations present in the data prevent the 
computation of a unique inverse. 
It was necessary to find the position in the T array 
that corresponded to time zero in the experimental data. 
The statistical nature of R prohibits the exact location of 
this point but a good approximation may be obtained by con­
sidering an experiment which measures the resolution function. 
The data collected will be the prompt data, = P^ . Such 
data is produced by events occurring at time zero and will 
be represented by a delta function at some position of the 
T array. This position is denoted by the subscript k; i.e., 
T. = 5. Then 
J J / Jv 
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The value i = N gives  ^and only the diagonal ele­
ments  ^have the value P^ . Thus k = N is the approximate 
position of time zero in the T array. 
An exponential decay corresponding to the continuous 
case 
TCt) = 
may now be constructed. Bostrom et al. (75) simply use the 
values 
(i-N+e) 
T^  = < (64) 
0 i<N . 
The parameter e is included to account for the uncertainty 
in the location of time zero. The value of the annihilation 
time was obtained by varying the parameters X' and e 
to obtain the value of D'(X',e) that gave the minimum value 
of W, where 
n 
D! (X',E) = Z R. .T.(X',G) (65) 
1 j=i ] 
and J 
n (D!-D,)^  
" = J, Tspm- • <«' 
The parameter B is the mean value of spurious counts re­
corded in the experiment. 
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An improvement of the first order can be obtained by 
averaging the exponential function over each channel as 
follows 
dy (y-N+e) i>N 
 ^" 2 
T. = <, 
1 i + 
j dy 
i 
A,e-A'(y-N+s) i„; N 
i<N . 
( 6 7 )  
This takes into account that a perfect system would store 
all events occurring in the interval (1 - + j) in 
the 1^  ^element of the D array. This method of obtaining 
T(X',e) was used in computing D(X',e) in the data evaluation 
of this experiment. 
The function minimized in this particular experiment 
was a chi square quantity weighted to get the best fit in 
regions having more counts; i.e., the function W was defined 
as 
2 
W  =  Z  — —  / o T  .  ( 6 8 )  
n (D : -D . )  
The function W was minimized by first varying X' and then 
by varying e. Additional variations of X*, after minimizing 
W with respect to e, gave no improvement to the fit. 
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B. Complex Decay 
1. Tail subtraction 
In addition to the annihilation rate X, experimental 
data may have unwanted tail components on both the right 
and left sides of the data curve, with respective decay 
constants X and X . The percentage of occurrence of each 
component will be denoted by and C^ . Then the data may 
be expressed as 
(69) 
where is the complex curve, D is the data containing 
only the principal decay mode, and the T vectors are given 
by 
O 
i + I 
T^  ^= < 
dt X^ e 
-Xj^ (t-N) 
i + I 
at 
-Ajj(t-N) 
i<N 
i=N (70) 
i>N 
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and 
T, 
k + 
dt Xjje 
= < 
I 
0 
dt 
Xj^ (t-N) 
k<N 
k=N 
k>N 
(71) 
Then if X^ , C^ , and are known. Equation 69 can be 
solved for the D vector of interest 
°i = "i"" - ™ 
or, in matrix notation 
D = - C,.R*T^  - C„R*T^  Jb K (73) 
5 7  In the case of Ni as the source of positrons, is 
known to be 0.096 and  ^= 865 picoseconds (79). 
Thus in the case of nickel, the tail on the left is quite 
easily eliminated. 
When nothing is known concerning either the decay con­
stant or the intensity of the tails, the constants X^ , 
and must be estimated from the measured data, D"'. 
One method by which these may be estimated is by doing a 
least squares fit to a straight line on a semi-logarithmic 
plot to each tail in the region where the fast component of 
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decay has become insignificant. In practice, the fast 
component is extrapolated to the mean value of the background 
counts, and the tail is estimated in the region between 
this point and the point at which the tail drops below the 
mean background level. If all such tails are removed by 
by this prescribed technique, then the analysis can be done 
by the methods described in the previous section on single 
exponential decays. In cases where the tail cannot be 
eliminated, such as the case where some or all of the gamma 
rays used as creation time markers cannot be distinguished 
from the annihilation gamma rays, other methods of analysis 
must be employed. 
For a series of events in which a fraction n decay 
by a simple exponential process and the remaining events 
decay at the same rate coupled with an exponential "decay" 
in the opposite channel, the T representation is given by 
T{t) = nX U(t)e + mn[U(t)e + U(-t)e^ ]^ (74) 
olX 
where n + m = 1. n = is a normalization constant, X is 
the annihilation rate, and a is the constant of decay in the 
start channel. Then the collected data will have the form 
D(x) = (nX+mri) I dt P(t)e^ e^ + mn 
fOO 
dt P(t)e G'tgax, (75) 
X 
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2. Logarithmic slope 
Define G(x) and H(x) as follows: 
rx 
G(x) = (nX+mri) 
and 
dt P(t)e^ te (76) 
H(x) = mn [ dt P(t)e ^ e^^ * , (77) 
•'x 
so that 
D(x) = G(x) + H(x) . (78) 
Then differention of D with respect to the time variable x 
produces 
 ^= (nX+mri)P(x) - XG(x) -mnP(x) + aH(x) 
= nXP(x) + aH(x) - XG(x) . (79) 
This may be expressed as a logarithmic derivative by dividing 
both sides of Equation 79 by D(x). The resulting equation 
may be expressed, by algebraic manipulation, as 
& InD(x) = -xri - n §# • (SOI 
Now consider the region of positive time, x>L. In this 
region, P(x)>H(x) for all values of a. Thus at a point x>L 
such that P(x)<<D(x), Equation 80 reduces to 
 ^In D(x) = -X. (81) 
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In the negative time region, P(x)>G(x) and H(x) = D(x) -
G(x). Thus for values of x such that P(x)<<D(x), Equation 
80 becomes 
 ^In D(x) = a. (82) 
The value of the slope is found by a least squares method as 
described for the single exponential decay case. 
3. Moment analysis 
The first moment is found to be 
M i ( D )  =  Y  -  ^  ( 8 3 )  
as shown in Appendix D. The mean lifetimes are denoted 
-1 -1 by T and 0 where t=X and 0=a . Equation 83 may be 
expressed in terms of T and 0 by 
M^ fD) = T-m0. (84) 
The second moment provides the most interesting and 
useful result. If m is unknown, the first moment calculation 
(centroid shift) does not provide a value of x. Also, the 
case m = 1, a = X (silver, for example) gives no information 
at all since the curve will be symmetric and M^ (D) will 
vanish. The evaluation of the integrals involved in 
evaluating #^ (0) is lengthy, but requires no techniques 
that were not used in Appendices A through C. MgfD) may 
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be expressed as 
MgfD) = MgfP) + 2A(n+m)^ + 2mA(^2 " • (85) 
X a 
This may be written as 
MgfD) = MgfP) + 2AT(T-m0) + 2mA8^ . (86) 
The terms in 0 may be eliminated here by expressing 0 in 
terms of the first moment. This gives 
2A M (D) 2 
MgCD) - MgfP) = 2TM^ (D) + ^ [T —^] . (87) 
This is a quadratic expression of T and has the solution 
1 
T = M^(D) ^  ^ {m(m-4) [Mj^(D) ]^ +2mA[M2(D)-M2(P) ] }^ . 
( 8 8 )  
Thus if the fraction m is known, T may be found from this 
equation. In all cases examined the plus sign seems to 
be the physically correct sign. 
A special case of interest is the measurement of the 
annihilation rate of positions in irradiated silver. The 
annihilation and creation gamma rays differ too little in 
energy to permit differentiation between them. This would 
present no new problem in itself but the lifetime excited 
state of the daughter nucleus is not negligible. This life­
time 0 has been, measured (80) and will be considered as a 
constant in the following calculations. For this case 
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T{t) = ^ [U(t)e~^  ^+ U(-t)e°'^  + U(-t)e^  ^+ U{t)e""^ ]. 
(89) 
The odd moments of D(x) are zero due to the symmetry of the 
distribution T(t). The second moment of D(x) may be 
expressed as 
MgfD) = MgfP) + 2A(t^ + 9^ - T0) (90) 
which has for a solution, 
1 
T = I + j{|[M2(D)-M2{P)] - 30^ }^  . (91) 
4. Convolution method 
The convolution method follows exactly the procedure 
of Section A except for the values of the T array. The 
technique for forming the T array has been discussed under 
Section B, Part 1. 
C. Estimation of Error 
The data used to determine the annihilation rate of 
positrons are collected in a multichannel analyzer as 
elements of an array. Each channel, or array element, is 
assigned a position on a time scale. The time interval 
between any two adjacent elements will be constant throughout 
the array if the time calibration is linear. The position of 
time zero on such a scale is assumed to be the centroid of 
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the "prompt" curve. The distance of the sample from each 
of the detectors must be the same as the corresponding 
"prompt" source-to-detector distance; otherwise the 
different distances traveled by the gamma ray signals will 
cause a shift in the position of time zero in the array. 
Any uncertainty in the location of time zero or in the 
linearity of the time scale would cause an error in the 
results derived from these data. The various methods of , 
analysis may also introduce uncertainties in the value of 
the lifetime because of the statistical error which must 
be assigned to the number of counts in each element of the 
accumulated data array. 
The mean positron lifetime T is a function of the 
independent variables y^ , y2' The standard 
variations of these variables is assumed to be Ay^ , Ayg, 
Ay^ /.-.Ayjj. Then the variance of T is given by (81) 
(A?) 2 = Z (^ )2(Ay )2. (92) 
i=l "^ i^  ^
In this section each source of error will be discussed 
individually and the method of assigning standard deviations 
will be explicitly demonstrated for each source of un­
certainty. 
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1. Time calibration errors 
The time scale of the apparatus was obtained from ob­
servations of the position of the centroid of the prompt 
curve as a function of the length of delay line inserted in 
one channel of the system. Air core coaxial delay lines 10 
cm in length having 500 impedance were used and the propaga­
tion time through each segment was 333.3 picoseconds. The 
use of sixteen such segments enabled the time calibration 
to be made over a five nanosecond time domain. The centroids 
of the prompt spectra were computed by the usual method 
X p  =  ( 9 3 )  
and the Xp values plotted versus the corresponding amount 
of inserted delay time. A least squares fit to a straight 
line was made to determine the value of the time calibra­
tion in picoseconds per channel, which is the inverse of 
the slope of the straight line. 
The stability of the system was such that time cali­
brations were done on a bi-weekly basis. The difference in 
the values found in two consecutive measurements was less 
than 0.15 picoseconds per channel, or about 0.5 per cent. 
During the 18 month period of the data accumulation, the 
value of the time calibration, denoted by TCAL, was always 
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in the interval 35.4 picoseconds per channel < TCAL < 36.4 
picoseconds per channel. 
The standard deviation of the data points from the 
straight line found by the least squares fitting technique 
may be used as a measure of the linearity of the system. 
For a typical measurement involving a time span of five 
nanoseconds, the standard deviation was 0.3 picoseconds, 
or about 2x10  ^picoseconds per channel. The root-mean-
square value of the errors due to non-linearity and change 
in time calibration measurements was 
1 
AT = [(0.15)^ +(2x10 picoseconds per channel (94) 
or about 0.15 picoseconds per channel. The mean lifetime 
for positrons in most metals is on the order of 150 pico­
seconds. Over this time span, the error in the time scale 
was roughly Ax =0.6 picoseconds. This will be used as the 
standard variation in the x variable at each point x^  in 
time, and will enter into the error propagation calculations 
in moment analyses. 
Equation 92 was used by Sparrman and Falk (74) to derive 
expressions for the expected errors in the various moment 
analysis techniques. They assumed x to be a function of the 
number of counts collected in each channel for the prompt 
curve and also the lifetime curve; that is, they assumed 
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Any error present in the time variable was ignored. The 
time variable appears in the first moment calculations as a 
first order term. All higher moments contain the x variables 
in higher order terms. Since the variations in the x 
variables were very small, the first moment calculations will 
be affected more than those involving other moments. 
The equation for T, using the first moment method for 
a simple exponential case, is 
n n 
E x.D. Z x.P. 
T = -1=122 (96) 
n n 
ZD. Z P. 
i=l ^  i=l 1 
where the sum over is the area N^ , the sum on is Np, 
and the numerators are the first moments of D and P re­
spectively. Considering the variance expected for T when 
only the x variables contain uncertainties gives 
( A T  ) 2  =  S ( | ^ ) ^ ( A X . ) 2 .  ( 9 7 )  
j=l j  ^
The derivative of T with respect to XJ is given by 
% = J/i, A - «7 
D. P. 
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Thus, using Ax. = Ax = 0.6 picoseconds, the variance is given 
by 
(iT^ ) 2 (99) 
For each measurement this was less than, or roughly equal 
This error is considerably smaller than others which remain 
to be discussed, and will be neglected. The error due to 
time calibration will be smaller in higher order moments 
and will be ignored there also. 
2. Sample positioning errors 
A metal sample placed in the magnetic field of the 
synchrotron for irradiation will perturb the field. This 
perturbation produces an uncertainty in the location of 
the beam path as it strikes the sample; thus the locations 
of the positron sources are not precisely known. When a 
positron source is not placed in the same position as the 
prompt source an uncertainty will arise as to the position 
of zero on the time scale. This is because of time required 
for gamma rays to traverse the different path lengths between 
the sources and the detectors. 
A reasonable estimate of the maximum change in beam 
to 0.1 (Ax)^ , or 
(At^ ) = 0.2 picoseconds . (100) 
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position is five mm. This is roughly the size of the cross 
section of the smallest sample. It will be assumed that the 
standard variation in the beam path for a series of irra­
diations is /5 mm, or about 0.1 inch. The uncertainty in time 
may be found by dividing the distance uncertainty by the 
speed of light, 
/5 mm (AT) 
3x10^  ^mm/second 
- 8x10 seconds. (101) 
3. Analysis errors 
The errors inherent in the extraction of annihilation 
rates from simple exponential data by moment techniques 
have been calculated by Sparrman and Falk (74). They 
neglected the errors due to time calibration uncertainties. 
Otherwise their calculations are found to be correct and 
will be used in this work. The equations used to determine 
the standard variations due to moment analysis are listed 
in Appendix E. 
The errors in evaluating data by the convolution method 
or the logarithmic slope method have not been found 
analytically. Olsen and Bostrom (77) simulated annihilation 
data using a computer and examined the intrinsic uncertain­
ties of these methods. The uncertainties due to these two 
methods of analysis were obtained from graphs they presented. 
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The analysis of irradiated silver was done by the con­
volution method and by the second moment method 
M (D) M (P) y 
t  V " '  ( 1 ° : '  
which is unique to this project. The value of the excited 
nuclear half life was obtained from a report by Stelson and 
-12 McGowan (80) as 12x10 seconds with a standard deviation 
of 0.8x10 seconds. Using 0,D^ ,D2/.../P^ ,P2/•••f as 
independent variables, the standard deviation in T may be 
found from Equation 92 and is 
[M (P)]2 M,(P) (t^ +0^ ) p. (T^ +0^ ) 
" 2(2T-0) ® (T+0)  ^(T+0) 
_ 4 + 2(T-28)2(A0)2}2 . (103) 
(T+0) 
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VII. RESULTS AND CONCLUSIONS 
A. Results 
The mean lifetimes of deeply imbedded positrons in 
metals will be reported in this section and compared to the 
22 lifetimes of positrons produced by Na on the surface of each 
of the same metals. The instrumental and analytical dif­
ferences existing between separate laboratories are avoided 
22 by using the data measured with Na sources in this same 
experiment. These values will also be compared with those 
obtained in other experiments (32, 34, 38, 52, 82, 83, 84). 
Some effects of sample preparation upon the second 
component of the positron annihilation rate in metals will 
be examined. These "tails" will be treated as superfluous 
and the mean lifetimes and relative intensities of such tails 
will be reported without including any estimations of the 
probable errors involved. However, such errors were included 
in calculating and reporting the mean lifetimes of the faster 
annihilation modes. In the data plots that are displayed 
the tail components have been removed, with the exception of 
those cases where the tail is quite pronounced or in cases 
where the effects of preparation upon the tail component are 
presented. 
The results for each metal will be presented individ­
ually. For each sample the data will be plotted with the 
folded exponential function created in the convolution method. 
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The parameter W(X'), which was used to measure the relative 
"goodness of fit" of the artificial data D(X') to the 
experimental data D(X), is also displayed for each sample 
in a plot versus X'. Other plots that were deemed 
necessary for clarity or completeness are also included. 
1. Scandium 
Scandivim has only one stable isotope, Sc^ .^ Single 
crystals of high purity (99.9 per cent) Sc^  ^were irradiated, 
as described earlier, by synchrotron bremmstrahlung radiation 
45 44 producing the photonuclear reaction Sc (Y,n)Sc . Scandium 
44 is a positron emitter which decays to calcium 44 with the 
decay scheme shown in Figure 7. This decay scheme meets the 
requirements for measurement of the positron mean lifetime 
within the scandium crystal. The 2.55 MeV and 2.28 MeV 
44 44 levels of Ca are fed by electron capture decay of Sc and 
"the ensuing cascades through the 1.16 MeV level will intro­
duce some "prompt" events into the positron annihilation 
data. 
4 4  
No value for the half life of the 1.16 MeV level of Ca 
could be found in the literature, and an experiment to measure 
this half life was performed. The energies of the gamma rays 
feeding this level and those produced by the decay of this 
level are sufficiently large to allow the separation of 
these events from those associated with positron annihilations. 
The data collected are displayed in Figure 17. The only valid 
Figure 17. The lifetime data for the isomeric state of 
Ca44. Transitions from this level to the ground 
state produce the gamma rays used to signal 
creation times of positrons by beta decay of Sc 
The resolving power of the apparatus is insuffi­
cient to obtain an accurate value for this 
lifetime 
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methods for analyzing data that nearly coincide with the 
instrumental resolution function are the moment analysis 
methods. The lifetime of this state was found to be zero 
within the experimental limits (+ 5 picoseconds). As a 
result of this measurement the gamma ray cascades involving 
this intermediate level may be treated as coincident, or 
prompt, gamma rays. 
The number of events proceeding by the cascade mode 
through the 1.16 MeV level has been calculated to be very 
close to 3.9 per cent of all recordable events. This small 
admixture of prompt data to the annihilation data will not 
cause any significant error in the logarithmic slope or 
convolution methods for obtaining the positron lifetime. The 
first moment calculation of Equation 46 requires a correc­
tion factor. The numerator is not affected by addition of a 
prompt component because the first moment of such a compo­
nent is zero. Since the total number of events appearing 
in the denominator contains within it the number of prompt 
events in addition to the number of valid delayed coincidence 
events it must be modified so that it contains only the 
annihilation events. This can be accomplished since the 
percentage of prompt events involved is known. 
In addition to the (Y,n) reaction discussed above, other 
photonuclear reactions can occur with less abundance at 
the irradiation energies used. All of the (Y,p), (Y,pn), 
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and (y,p2n) reactions produce stable isotopes of calcium 
and cause no complications in data analysis. The (Y,2p) 
43 
reaction produces some Sc which is a positron emitter, but 
has no correlated gamma ray (start signal) of sufficient 
energy to be used in data acquisition. Such "stop" events 
caused by annihilations with no start signals will cause 
a uniform distribution of spurious events, or background 
counts, by combining randomly with unrelated start signals. 
Any other photonuclear reactions, such as (Y,3n), are 
assumed to have negligible effects on the data because of 
the relatively small cross sections for the occurrence of 
such reactions. 
The annihilation data resulting from internally produced 
positrons in scandium reveal that there are two components 
to the positron lifetime. The longer component has a mean 
lifetime of 870 picoseconds and 3.9 per cent of all positrons 
annihilË#8#*gmm#iis process. This longer component was sub­
tracted from the data. The remaining data extends beyond 
the prompt curve by an amount which allows analysis by the 
logarithmic slope and the convolution method. The statisti­
cally better first moment method, with modification to 
account for the prompt admixture, was also used and the 
resultant mean lifetime found by these methods was 217 + 5 
picoseconds. These data are to be compared with results 
obtained in this laboratory using positrons produced by a 
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22 Na source located between the surfaces of two crystals of 
scandium. The data for this sample contained a tail com­
ponent of six per cent intensity and 850 picoseconds mean 
lifetime. Such a component was subtracted and the component 
remaining has the mean lifetime of 222 + 5 picoseconds. The 
data for each type of sample, with background subtracted, 
are displayed in Figure 18. The variations of the fitting 
parameter W(X')with changes in X* and the folded exponential 
curve corresponding to the minimum of W(X') are shown in the 
plots of Figure 19. The mean lifetime obtained in this 
experiment is slightly lower than the value of 238 + 9 pico­
seconds reported by Rodda and Stewart (32). This dis­
crepancy may arise from the second component of annihilation, 
which was not removed by Rodda and Stewart. Within the 
limits of experimental error, the same value for the positron 
mean lifetime in scandium was obtained using internally 
created positrons as was measured using positrons created 
on the surface of the metal. 
2. Zinc 
There are four stable isotopes of zinc. Naturally 
64 
occurring zinc is composed of 49 per cent Zn , 28 per cent 
Zn^ ,^ 4 per cent Zn^ ,^ 0.4 per cent Zn^  ^and 18.6 per cent 
Zn^ .^ The positrons for this experiment were produced from 
the isotope Zn^ ,^ which was created by a (y,n) reaction with 
Zn^ .^ The decay scheme of Zn^  ^is shown in Figure 9. The 
Figure 18. The data collected for scandium. The mean value 
of the spurious background events has been sub­
tracted, as have the tail components. The mean 
lifetimes for the data shown are 222 + 5 pico­
seconds for the Na22 source and 217+5 pico­
seconds for the Sc44 positron source 
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Figure 19. Curves associated with the convolution method 
of data analysis. The mean lifetime, denoted by 
T on the graph, corresponds to the inverse of 
the particular value of X' that produces the 
minimum in W(X') 
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decay scheme of the isotope is also displayed to account 
for the presence of the 1.12 MeV line in the gamma ray 
spectrum. The remaining isotopes that may be produced by 
photonuclear reactions necessitated the examination of a 
large number of decay schemes. No processes were found 
which would complicate data analysis. 
Large single crystals of 99.999 per cent zinc were used 
in the experiment. The data, displayed in Figure 20, can be 
described by a single mode of annihilation to within the 
statistical accuracy of the experiment. The lifetime is 
sufficiently long that all methods of analysis are valid. 
The mean lifetime of 187 + 5 picoseconds was calculated. 
The zinc used in the sandwich sample was spark cut from 
the same single crystal as was the irradiated sample. In 
this sample a second component of lifetime of 460 picoseconds 
was observed, accounting for 9.6 per cent of all annihila­
tions. Such a tail was removed and all analytical methods 
were used to extract the value 183 + 5 picoseconds for the 
mean lifetime of the shorter component. The positron life­
time data measured with internally produced positrons may be 
compared to data collected using an external positron source 
in Figures 20 and 21. 
The only value reported in the literature during the 
past several years is 160 + 20 picoseconds, measured by Jones 
and Warren (83). This is not in serious disagreement with the 
Figure 20. The data collected for zinc. The mean value of 
the spurious background events has been sub- 22 
tracted, as has the tail component for the Na 
sample. The mean lifetimes for the data shown 
are 183 + 5 picoseconds for the Na22 source and 
187 + 5 for the Zn63 positron source 
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values obtained in this experiment when the size of the 
estimated error is considered. The mean lifetime of positrons 
22 in samples using external Na positron sources is apparent­
ly the same as that in samples using intrinsically produced 
positrons. The second component of annihilation rate 
is apparently associated with the source of the posi­
trons . 
3. Nickel 
5 8 Naturally occurring nickel contains 68 per cent Ni , 
26 per cent Ni^ ,^ and small percentages of isotopes with 
higher atomic weights. The photonuclear reaction 
Ni^ (^y,n)Ni^  ^is used to obtain the positron source, Ni^ ,^ 
which decays as shown in Figure 6. All other photonuclear 
reactions with the natural isotopes of nickel produce iso­
topes that do not interfere with the positron annihilation 
experiment. 
57 The 1.50 MeV level in Ni is excited with the creation 
of 9.6 per cent of the usable positrons. The 600 picosecond 
half life (79) of this level causes a tail to appear in the 
negative time region in the data. This tail was removed 
prior to data analysis. Any second component of annihilation 
in the data from the irradiated sample. Figure 22, appears 
to be less than one per cent of the total and is neglected. 
Figure 22. Curves associated with the convolution method of 
data analysis. The mean lifetime, denoted by T 
on the graph, corresponds to the inverse of the 
particular value of X' that produces the minimum 
in W(Y'). The folded data was constructed from 
the experimental resolution function and an 
exponential function having decay rate T"^  
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The mean lifetime of the positrons in the single crystal of 
99.99 per cent nickel is relatively short and only the first 
moment and convolution methods were used to extract the value 
of 119 + 5 picoseconds. 
The positron annihilation rate for positrons injected 
22 into nickel from an external Na source contains a second 
component of 750 picoseconds and 9.4 per cent intensity. The 
remaining 90.6 per cent of the positrons annihilated with 
a mean lifetime of 186 + 5 picoseconds, as calculated by the 
first moment, logarithmic slope, and convolution methods of 
analysis. The data and corresponding convolution curves for 
each type sample may be compared in Figure 22. Weisberg 
and Berko (34) in 1967 reported the value 172+5 pico­
seconds and in 1966 Kugel et aJ^ . (52) found the value to be 
197+8 picoseconds. 
An experiment was devised to investigate the correlation 
between the second component of positron annihilation and the 
percentage of positrons annihilating near the surface. A 
0.010 inch thick ribbon of nickel foil was tightly coiled and 
57 irradiated to produce Ni positron sources. The mean range 
of positrons in nickel is approximately 0.010 inches and 
therefore the positrons will have a higher probability of 
annihilating near the surface than those positrons produced 
in the single crystal. The tail component was produced in 
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about four per cent of the annihilations in the foil. The 
mean lifetime of the principal component was found to be 
160 + 5 picoseconds. The principal annihilation modes for 
the nickel crystal and foil with internal positron sources 
are displayed with the main component of annihilation data in 
22 the nickel crystal with Na in Figure 23. 
In an attempt to increase the surface area even more, a 
400 mesh nickel powder was placed in an aluminum container 
57 
and irradiated to produce Ni positron sources. The in­
sertion of this sample into the synchrotron caused de-
focusing of the electron beam. (It has been suggested by 
members of the synchrotron group that the perturbation of 
the beam is caused by eddy currents set up in the aluminum 
container. The recurrance of the defocusing problem when 
potassium was irradiated in aluminum containers seems to 
support this theory.) The defocusing reduced the rate of 
data acquisition and the nickel powder data is statistically 
inferior to the other nickel data. The powder does exhibit 
a longer mean lifetime than any of the other three nickel 
samples. The nickel powder data is compared to the sandwich 
type nickel in Figure 24. These results tend to corroborate 
recent results (34, 52, 53) that correlate the tail component 
and surface annihilations. 
Figure 23. A plot showing the relationship between the life­
time and the percentage of positrons annihilating 
near the surface in nickel. Background and 
tail components have been subtracted 
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4. Potassium 
Potassium metal is normally composed of 6.89 per cent 
41 4(1 39 
K , 0.01 per cent K and 93.1 per cent K . The photo-
39 38 
nuclear reaction K (Y,n)K was employed to create the 
intrinsic positron sources for this experiment. The nuclear 
38 decay scheme of K may be examined in Figure 10. No 
isotopes are produced by other photonuclear reactions with 
potassium that will create problems in the experiment. The 
metal was sealed in aluminum cans with Torr Seal. An 
aluminum capsule was filled with Torr Seal and irradiated 
10 minutes in the synchrotron beam and then placed in the 
timing apparatus for 10 minutes to determine whether or not 
complications would arise from photonuclear reactions in 
these materials. This process was repeated several times 
and only one event was recorded; therefore, such events may 
be neglected. The accumulation of large numbers of events 
in experiments of three days (or less) duration was pro­
hibited by the defocusing of the electron beam, discussed 
in the section on nickel. 
The data for positron annihilations in the irradiated 
samples appear in Figure 25. The tail is quite obvious in 
this plot and has a lifetime of 414 picoseconds and intensity 
of 24 per cent. The data are also plotted after removal of 
the tail component and renormalization to the sai/.e area. 
The mean lifetime of the short component was found by the 
38 Figure 25. Positrons from K annihilating in potassium. 
The second component has a lifetime of 414 pico­
seconds and 24 per cent of the positrons 
annihilate by this mode. The short lifetime is 
128+7 picoseconds 
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centroid shift (first moment) and convolution methods to be 
128 + 7 picoseconds. The potassium data for positrons 
22 
created from Na decay are displayed in Figure 26. The 
tail component has about the same lifetime, 417 picoseconds, 
as did the intrinsic sample, but a higher percentage (52.2 
22 per cent) of the positrons from Na annihilated via the 
lower rate. The tail has been subtracted from the data in 
the other curve of this figure, leaving only the data due 
to the fast annihilation component. The first moment and 
the convolution techniques were used to extract the mean 
lifetime of 146 + 7 picoseconds. The fast components of 
annihilation are compared to folded exponential data for 
both types of samples in Figure 27. The same fast components 
and the prompt curve may be compared in Figure 28. 
The most recent values reported in the literature are 
397 + 10 picoseconds (34) and 400 + 20 picoseconds (38). 
These values are very close to those in the tail components 
which were observed in this experiment. 
5. Molybdenum 
It is possible to grow large single crystals of 
molybdenum, but such crystals were not readily available and 
polycrystalline samples were obtained for this experiment. 
These samples are of high purity, 99.9 per cent, and were 
deoxidized and etched before using. Examination of all the 
photonuclear reaction products was quite involved, as there 
22 
Figure 26. Positrons from Na annihilating in potassium. 
The second component has a lifetime of 417 pico­
seconds and 52.2 per cent of the positrons anni­
hilate by this mode. The short lifetime is 
146 + 7 picoseconds 
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are seven stable isotopes of molybdenum that occur (in 
roughly the same percentages) in nature. The reaction that 
92 91 
was used to produce the positron sources in Mo (y,n)Mo , 
92 
and 15.8 per cent of molybdenum is the isotope Mo 
91 The nuclear decay scheme of Mo and the gamma ray spectrum 
of the irradiated sample are displayed in Figure 8. Other 
isotopes that may affect the data will be discussed later. 
The positron annihilation data for the irradiated sample 
of molybdenum are shown in Figure 29. The longer component 
accounts for 16.2 per cent of the total events with a mean 
lifetime of 760 picoseconds. Data corresponding only to 
annihilations yielding the shorter component were obtained by 
subtracting the tail component. Such data are also shown in 
Figure 29. The convolution, first moment, and logarithmic 
methods were used to derive the value 152 + 6 picoseconds for 
the mean lifetime of this short component. 
22 The tail on the data accumulated using the Na source 
has a shorter mean lifetime (490 picoseconds) and considerably 
lesser intensity (7.3 per cent) than does the sample with 
Mo^^ positron emitters. However, the principal component 
of annihilation, shown in Figure 30, has the same mean lifetime, 
152 + 5 picoseconds, as does the irradiated sample. The plots 
associated with the convolution method are shown for each 
sample in Figure 31. The same analysis procedures were 
employed for each sample. The value reported above is in 
91 Figure 29. Annihilation data produced by positrons from Mo 
annihilating in molybdenum. The longer component 
of the lifetime has the value 760 picoseconds 
and accounts for 16.2 per cent of the events. 
The shorter component has the same lifetime 
value, 152 + 6 picoseconds, as is observed with 
a Na^Z positron source 
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agreement with the mean lifetime 146 + 8 picoseconds reported 
by Jones and Warren (83). They did not report values for a 
second component. 
The reason for the behavior of the tail component has 
not been found. Of the 24 isotopes that may be produced 
in significant amounts by photonuclear reactions with 
93 
naturally occurring molybdenum, apparently only Mo and 
Nb^^ have the characteristics required to affect the anni-
93 hilation data. The 2.43 MeV isomeric state of Mo has a 
mean lifetime of 6.9 hours and de-excites via a cascade of 
0.26 MeV to the 2.17 MeV level, 0.69 MeV to the 1.48 MeV 
level, and 1.48 MeV to the ground state. Only the transition 
to the ground state produces a gamma ray with sufficient 
energy to pass through the energy selector and start the 
93 
"clock." Therefore any data produced by Mo will appear as 
an exponential decay in the direction of negative time with 
a slope determined by the half life of the 1.48 MeV state. 
This state decays by an E2 transition with a probable half-
life in the range from zero to five picoseconds. Consequently 
93 
any events due to Mo would probably appear as prompt data 
and could not account for the second component observed in 
the positron annihilation data. In a similar manner the 
beta decay of Nb^^ and Mo^^ may produce some gamma rays. 
With one exception, such cascades can provide only prompt 
events. The other cascade process occurs in only 0.65 per cent 
147 
of all beta decays. The half life of Nb^^ is more than 
3 91 10 times as long as that of the Mo isotope used to produce 
96 positrons, and therefore such cascades from Nb as could 
possibly produce the tail component would not be of suffi­
cient intensity to account for the 16.2 per cent of long 
component events observed. 
6. Silver 
109 Naturally occurring silver contains 48.2 per cent Ag 
and 51.8 per cent Ag^^^. The photonuclear reaction 
Ag^^^(X,n)Ag^®® produces the positron emitter Ag^^^ with 
the decay scheme pictured in Figure 11. No evidence for 
the existence of phenomena that would distort the positron 
annihilation data was uncovered in an examination of the 
nuclear decay schemes of other isotopes that may be 
produced by photonuclear reactions with silver. A character­
istic of data accumulated using Ag^®^ as a positron source 
is the symmetry of such data about the centroid of the 
prompt curve (time zero). This is due to the inability to 
sort the start and stop pulses according to energy because 
the nuclear "start" gamma ray has an energy of about 0.51 
MeV. The sample was placed in such a position that only one 
of the two annihilation gamma rays from each event could 
be detected. Detection of both of the gamma rays from 
annihilation events would add a prompt component into the 
data. The symmetry is apparent in the experimental data for 
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the sample using Ag^^^ as a source of positrons, which is 
presented in Figure 32. The symmetry of the data, the 
finite decay rate of the nuclear level of Pd^^^, and 
the small extension of the data beyond the prompt curve 
restrict analysis to the convolution method and the special 
second moment technique of Equation 91. The mean lifetime 
of the excited nuclear state (about 17 picoseconds) was 
not included in the exponential function in the convolution 
method; therefore, the value of the mean lifetime extracted 
by this method should be (67-17) picoseconds instead of 67 
picoseconds as indicated on the graph in Figure 33. The 
special technique which was derived for analyzing these 
data gives the value 54 picoseconds. Both techniques 
contain a probable error of 5 picoseconds, and so the mean 
value will be assumed; that is, the mean lifetime of posi­
trons intrinsically produced in silver is given as 52 + 5 
picoseconds. This is a much shorter lifetime than previously 
reported for positrons in any material. 
A tail component of 3.7 per cent with a lifetime of 
840 picoseconds was observed in the data accumulated with a 
22 Na positron source. These data are presented in Figure 32. 
The positron mean lifetime in this sample is considerably 
longer than in the irradiated sample, as is apparent in 
the figure. The value of the mean lifetime was extracted 
from the data by all the techniques described for handling 
Figure 32. The data collected for silvèr. The mean value 
of the spurious background events has been sub­
tracted, as have the tail components. The mean 
lifetimes for the data shown are 179 + 6 pico­
seconds for the Na22 source and 52+5 pico­
seconds for the AglOG positron source 
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the simple exponential case and is 179 + 6 picoseconds. 
This is essentially the same as the values 182 + 10 pico­
seconds reported by Jones (84) and 180 +10 picoseconds 
reported by Jones and Warren (83) . 
7. Sodium 
22 The positron emitting isotopes of Na were homogeneously 
distributed throughout a sample of sodium. The mean lifetime 
data were then collected and analyzed by each of the analysis 
procedures described for simple exponential decay modes. 
These data are plotted in Figure 34. The resultant value 
of the mean lifetime was found to be 262 + 5 picoseconds. 
The curves associated with the convolution method of data 
analysis appear in Figure 35. Within the accuracy of the 
experiment, the data are described by a single component of 
annihilation. 
The value obtained in this experiment is between the two 
22 
most recently reported values. Kohonen (82) sintered the Na 
atoms into a sample of sodium and found the mean lifetime 
of the positrons in this sample to be 210 + 25 picoseconds. 
22 Weisberg and Berko (34) deposited Na on a thin foil of 
nickel and surrounded the foil with sodium. They then 
obtained the mean lifetime of positrons of 315 + 20 pico­
seconds. In neither of these two experiments was a second 
component of the annihilation rate observed. The annihilation 
rate observed in sodium has an intermediate value between 
Figure 34. Data collected in a measurement of the positron 
mean lifetime in sodium. The Na22 positron 
source is distributed homogeneously throughout 
the sodium sample. The mean lifetime is 262 + 5 
picoseconds 
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those of the long component observed in many metals and the 
short component that is observed in the other metals in this 
experiment. 
B. Conclusions 
1. Electron density effects 
The results of experimental determination of positron 
mean lifetimes in metals are often compared graphically to 
the radius of a unit free electron sphere, r^, for the 
various metals. When such a presentation is attempted, the 
problem of determining the value of r^ for various metals 
is encountered. In all the reports examined, the value of 
r^ was apparently calculated by assuming the number of free 
electrons per atom to be equal to the number of electrons in 
the outermost shell. In plotting the results of this experi­
ment versus r^, a somewhat different procedure has been used 
to ascertain r^. The values of the Fermi energies, E^, for 
the metals potassium, sodium, zinc, silver, and nickel were 
taken from positron annihilation angular correlation data. 
The formula 
r = 2^ 
" (104)  
was then used to obtain r^, where Ep is expressed in eV. The 
number of free electrons per atom of scandium was assumed to 
be three and the number of free electrons per molybdenum atom 
159 
was assumed to be one. The choice for scandium is fairly 
obvious, as scandium consists of a core of electrons corres­
ponding to those in the inert gas argon, and loosely bound 
1 2 3d and 4s electrons. The choice of one free electron per 
atom of molybdenum was made arbitrarily. The other naive 
choice is six free electrons per atom, since molybdenum 
consists of a krypton type core of electrons which are 
tightly bound, and 4d^ and 5s^ electrons. The correct choice 
is probably somewhere between one and six. 
The annihilation rates measured in this experiment are 
plotted versus r^ in Figure 36. Some of the annihilation 
rates recently reported in the literature are included for 
comparison. The variations in annihilation rate as a function 
of the parameter r^ according to the two calculations by 
Kahana (57, 59) are displayed. In all previous reports of 
annihilation rate measurements, a tendency of the annihilation 
rate to decrease towards higher r^ values has been observed, 
especially for values of r^ greater than three. Such a trend 
is not present in the results of this experiment. 
The reason for plotting the annihilation rates versus the 
radius of the free electron sphere is it allows comparison 
with theoretical models. With one exception, all calculations 
have been based upon the free electron gas model and the 
parameter r^ is convenient for expressing the results. The 
two curves calculated by Kahana (57, 59) fall nearer the 
Figure 36. Annihilation rates versus the unit free 
electron sphere radii. There is no apparent 
relationship between these quantities 
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points of the X versus r^ graph obtained in this experiment 
than do other theoretical curves. These data are clearly 
not described by any theoretical calculations reported in the 
literature. The choice of the free electron gas model does not 
seem justifiable for metals such as nickel, where angular 
correlation studies have shown that a sizable percentage 
of the positrons annihilate with core electrons. Such 
electrons are in no way included in the free electron calcu­
lations. 
Only one calculation has been made (65) which has taken 
into account the lattice structure of the crystal, and the 
problems were too involved for other than a crude estimation, 
9 —1 X = 3x10 seconds for sodium, to be made. This is lower 
than the rates found in this experiment [X = 3.82x10^ 
-1 9 -1 
seconds ] and by Kohonen (82) [X = 4.77x10 seconds ], 
9 -1 
and in agreement with the value X = 2.94x10 seconds 
reported by Weisberg and Berko (34) . No numerical value 
was presented for such a calculation on aluminum, although 
a value was computed and was reportedly larger than an 
experimentally determined value by about 25 per cent. 
2. Surface effects 
The correlation observed (33, 34, 52) between positron 
annihilations near the surface and the tail component on the 
data is apparent in Figures 23 and 24. The reduction of the 
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tail from about four per cent to less than one per cent 
achieved by measuring the annihilations of deeply imbedded 
positrons in a large crystal instead of in a foil seems to 
support the findings referred to above. The previous experi­
ments did not produce any evidence for dependence of the short 
component of the lifetime upon the surface effects. The 
results of measurements in nickel show the main component of 
lifetime increasing from 119 picoseconds in a nickel crystal 
to 160 picoseconds in a thin nickel foil and increasing still 
more (to roughly 200-215 picoseconds) in a nickel powder. 
The relative magnitude of the lifetime measured for positrons 
22 from a Na source annihilating in nickel, with respect to the 
magnitude of the lifetime in each of the other samples, 
indicates that the percentage of surface annihilations in the 
Isandwich sample is greater than in the foil and smaller than 
in the powder. 
It is possible that this same trend occurs in sodium. 
22 A recent measurement of positrons produced by Na sandwiched 
betweenblocks of sodium has been made (34) and produced 
the lifetime value of 338 picoseconds. A similar measurement 
22 
was made in this laboratory using Na that was mixed into 
liquid sodium which was then solidified. The resultant value 
for the lifetime was found to be 262 picoseconds, significant­
ly shorter than the sandwich sample result. Kohonen (82) 
22 
obtained the value 210 picoseconds by sintering Na into a 
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sample of sodium. The data in none of these three measure­
ments exhibited a tail. The difference in the principal 
annihilation rate observed in the two types of silver samples 
used in this experiment is possibly due to the proximity of 
the annihilating positrons to the surface of the metal. 
The results obtained for potassium in this experiment 
indicate that other measurements have possibly recorded only 
the longer component of lifetime. Despite precautions taken 
to insure clean, oxide free surfaces in the samples, more 
22 than 50 per cent of the positrons from Na annihilated by 
the slower rate. The lifetime of the tail in each sample 
has nearly the same value as does the single decay mode 
reported in recent papers (34, 38). Another feature to be 
noted is the downward trend (noted above for nickel, silver, 
and possibly sodium) of the short component of mean lifetime 
as fewer positrons are produced near the surface. 
22 The positrons created by 6+ decay of Na have a con­
tinuous spectrum of energies up to a maximum of about 0.5 
MeV. In cases where the associated neutrino carries away 
nearly all the energy, the positron will "stop" (slow to a 
thermal velocity) near the surface. Positrons with energies 
near the maximum will penetrate thousands of angstroms into 
the sample. A consideration of the energy distribution of 
22 positrons from Na in conjunction with the expected range at 
a particular energy would indicate that the percentage of 
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positrons "stopping" near the surface is less than five per 
cent. Other phenomena should be considered, however- The 
range measurements invariably use positrons incident upon a 
sample of metal in the direction of the normal to the sur-
22 face. The positrons from Na deposited directly upon a 
surface are emitted isotropically so that they enter the 
surface of all angles down to grazing incidence. Reflec­
tions from the surfaces or from lattice planes may enhance 
the percentage of positrons "stopping" near the surface. 
The electrodynamic phenomenon that charges injected into a 
conductor will ultimately be distributed on the surface 
may have bearing on this situation. It should be noted that 
3+ decay inside the sample does not create a net charge in 
the sample, as the parent nucleus loses the same charge as 
is created in the positron. However, when the parent nucleus 
is outside the boundary of the metal, each incidence increases 
the charge in the metal by one unit. This charging is, of 
course, not nullified by positron annihilation so it becomes a 
cumulative phenomenon. Often the positron source is actually 
insulated from the metal. Care must be taken to insure 
contact and charge neutralization. 
3. Crystalline effects 
A parameter in the study of positron mean lifetimes 
that seems important, but which is almost universally 
ignored, is the structural makeup of the sample. Any theories 
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that may be developed to account for lattice effects will be 
based upon perfect single crystals having no boundaries in 
the region of annihilation events. If the positron mean 
lifetimes differ between single crystals and polycrystalline 
samples, then data should be obtained for annihilations in 
single crystals in order to test theoretical models. 
Weisberg and Berko (34) note a "small but significant" 
difference between single and polycrystalline samples for the 
elements beryllium and iron. The use of the work "small" 
seems open to question, as the results for Be were listed 
as 213 +4 picoseconds for the polycrystalline sample and 
150 + 4 picoseconds for the single crystal. The difference 
in iron was less drastic; 185 + 5 picoseconds for the single 
crystal and 160 + 5 picoseconds for the polycrystalline 
specimen. The single crystals of nickel, zinc, and scandium 
22 that were used in this experiment with Na positron sources 
did not yield results significantly different from values 
obtained in other experiments with polycrystalline samples. 
The measurement of a positron annihilation rate using a 
sample with large numbers of dislocations and other defects 
may produce results similar to those obtained when a large 
percentage of the positrons annihilate near the surface. 
More research is needed before any conclusions can be reached 
concerning the effect of crystal size upon the positron mean 
lifetime. 
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4. Directions for future research 
Some guidelines for future investigations may be drawn 
as a result of this research. More measurements should be 
made with positrons produced by source nuclei that are 
integral members of the lattice of large single crystals. 
22 Sodium with Na nuclei distributed throughout the lattice 
could be used; similarly cobalt with Co^^ is a possibility. 
If an accelerator is available to provide high energy gamma 
rays, measurements could be performed on single crystals of 
molybdenum and, with a cooling system to prevent melting 
of the sample by the radiation beam, potassium. Single 
crystals of some other metals can be grown with small amounts 
22 58 
of Na or Co present as impurities. Another area that 
should be investigated is the effect of the solid to liquid 
phase change upon the effect of the annihilation rate of 
deeply imbedded positrons. 
The photonuclear process for creating intrinsic positron 
sources in this experiment did not create sufficient radio­
activity to permit angular correlation measurements upon such 
samples. However, the activity is greater than required for 
gamma ray spectroscopy measurements and an experiment using 
germanium detectors should be performed to examine the Doppler 
broadening of the annihilation line. The resolution of such 
detectors is sufficient to observe at the least any gross 
differences in the momenta of the annihilating positron-
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electron pairs between samples prepared with internal sources 
22 
and those using Na outside the bulk of the metal. Such 
measurements, coupled with continued investigation of the 
mean lifetimes of deeply imbedded positrons may ultimately 
resolve the disparity which exists between theoretical inter­
pretation of angular correlation experiments and lifetime 
experiments. 
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X. APPENDIX A 
An equation that will be used throughout the first four 
appendices is the Dirichlet formula for interchanging the 
order of integration of a double integral. The formula 
may be written as 
dy dz F (y 
fb fZ 
,z) = dz c 
J A J a 
dy F(y,z) . 
This formula is valid if the function F(y,z) is continuous 
over the region R„[a,b,y,b] = R [a,z,a,b]. y 2 
The equation for the first moment of the data curve is 
rx 
M^(D) = X dx xe f dt P(t)e^^ 
J —0 
The Dirichlet formula may be used to interchange the order 
of integration. 
M^(D) = X dt P(t)e Xt dx xe -Xx 
= xj dt P(t)e^t[(l^ + 
dt P(t) + dt tP(t) . 
The first integral is the area, or total number of events 
recorded in the prompt measurement. The second integral 
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vanishes by syinmetry considerations. The remaining equation 
is then 
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XI. APPENDIX B 
The equation 
(D) = X I dx x^e 
X 
dt P(t)e Xt 
may be rearranged according to the Dirichlet formula, 
giving 
MgfD) = X dt P(t)e Xt dx x^e 
= X dt P(t)e^^[(~ + ^  + ^ )e"^^] 
^ X"^ x-^ 
= MgfP) + I" M^(P) +  ^  A. 
By symmetry considerations, M^(P) may be shown to vanish. 
Thus 
M,(D)-M_(P) y 
T  =  [  i ' .  
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XII. APPENDIX C 
The order of integration in the equation 
rX  
M^CD) = X dx x^e dt P(t)e Xt 
may be reversed, producing 
MgfD) = X dt P(t)e Xt dx x^e"^* 
=  x [  dt P(t)e^^[(^ + ^  + ^  + ^ )e 
J  —00 
= MJ (P) + Â (P) + ^ (P) + 3 A . 
X X 
All odd moments are zero because P(t) = P(-t), so this reduces 
to 
MgfD) = |M2(P) + ^ 2 A. 
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XIII. APPENDIX D 
The order of integration of the equation 
M^(D) = (nX+mn)j dx xe dt P(t)e Xt 
+ mn [ dx xe^*f dt P(t)e 
J  •»0O J  V 
may be reversed by using the Dirichlet formula, giving 
M^(D) = (nX+mn) dt P(t)e Xt dx xe -Xx 
mri dt P(t)e -at dx xe^*. 
The integrals over the x variables may be integrated by 
parts, giving the form 
M^(D) = (nX+mn) dt P(t)e^t[(t + 1 )e 
+ mn dt P(t)e _ 1^)6°^^] 
-ot> a 
MnfP) , M (P) 
= (nX+mri) [—? + —j] + mr) [—-— - —^1 . 
A x^ " 
The odd moments of the prompt curve are zero, so the first 
moment of the data is given by 
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- A ^ f Ainn (f- - i) (i + i) . 
The normalization constant n is given by 
% = <1 + 
This may be substituted into the equation for (D) to obtain 
mi(d)  =  a (a+ ï -s ) .  
The fraction m is related to n by n+m=l, so the first moment 
calculation gives the solution 
1 m 
~Â ~ \ ' a 
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XI'V- APPENDIX E 
The following equations for the standard deviation in 
the variable due to analysis methods were taken from a paper 
by Sparrman and Falk (74) . For the first moment technique 
M 2 ( P )  ,  J  
At - + îjï , 
T N 
where it is assumed that N, = N_ = N. The standard variation 
a P 
of T produced by the second moment analysis is 
. M (P) , M (P) I 
T N T N 
where the prompt curve has been assumed to be gaussian in 
shape such that the following relations could be used; 
M.(P) M_(P) _ 
= 3[-A^]2 
Np -^ Np 
and 
MU(P) M_(P) -
These relations are also used to write the error propagated 
by the third moment technique, 
-'["N + 2T ] 
1 
1 0 8 2 1 6 , ^  
" + -H-l • 
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The third moment of the data curve with respect to its own 
centroid may also be used in data analysis, and introduces 
the error 
T N T N T N 
